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EDITORIAL 


This  special  issue  of  the  International  Journal  of  Impact  Engineering  contains  the 
proceedingsof  the  1992  Hypervelocity  Impact  Symposium  which  was  held  in  Austin.  Texas. 
17-19  November  1992. 

1  wish  to  take  this  opportunity  of  thanking  Charles  E.  Anderson.  Jr  and  itephan  J.  Bless 
for  their  considerable  assistance  in  preparing  this  special  issue  of  the  InternationaUournal 
of  Impact  Engineering.  Thanks  are  also  due  to  the  Organising  Committee  of  the 
Hypervelocity  Impact  Symposium; 

Charles  E.  Anderson  Jr — Southwest  Research  Institute. 

James  R.  Asay — Sandia  National  Laboratories. 

Harry  D.  Fair — Institute  for  Advanced  Technology. 

William  M.  Isbell — General  Research  Corporation. 

Gordon  R.  Johnson — Alliant  Techsystems. 

Dennis  L.  Orphal — California  Research  and  Technology.  Inc. 

The  proceedings  of  the  1986  and  1989  Hypervelocity  Impact  Symposia  were  also 
published  as  special  issues  of  the  InternationaUournal  of  Impact  Engineering  (V'olume  5. 
Nos  1-4.  Volume  10.  Nos  1-4).  The  next  Hypervelocity  Impact  Symposium  will  be  held 
in  Santa  Fe.  New  Mexico.  16-19  October  1994.  Announcements  will  be  published  in  this 
journal  as  they  become  available. 


Nor.m.xn  Jones 


PREFACE 


This  volume  contains  the  papers  presentc'^  a'  the  19‘)2  Hypcrwloci’y  Impuc  i  Symposiitni 
(Hl'IS),  held  in  Austin.  Texas,  on  17-1*-'  November  ldd2.  This  was  the  third  symposium 
since  the  reinitiation  of  the  symposia  .n  1986,  and  the  proceedings  for  the  1986  Hi  IS  and 
the  1989  Hl  'IS  were  published  as  vTdumes  5  and  10.  respectively,  of  the  Intcniarioiuil 
Joiinnil  oj  Impuct  Engineering.  The  76  papers  in  this  volume  represent  advancements  in 
the  basic  understanding  of  hyper\  elocity  impact  physics  and  related  phenomenology,  and 
engineering  applications  focused  on  mitigating  or  enhancing  specific  aspects  of 
hypeix  eloeit'  impact. 

In-depth  twiew  is  a  requirement  for  paper  acceptance  of  the  Hl'IS:  this  process 
distinguishes  these  proceedings  from  most  conference  proceedings.  Each  paper  has 
undergone  peer  re\  iew  by  experts  in  their  respecti\  e  fields  of  research.  Tlie  Organizing 
Committee  is  convinced  that  the  oserall  technical  content  and  presentation  are  enhanced 
by  this  re\  iew  process.  The  authors  are  to  be  commended  for  keeping  to  the  schedule  for 
prociding  their  draft  manuscripts  for  review,  making  appropriate  modifications  and 
corrections,  and  preparing  their  final  manuscript.  As  you  look  o\  er  the  papers  in  this  \  olume. 
we  think  you  will  agree  that  the  authors  have  perfonned  some  \  er>.  \er>  fine  research. 
Indeed,  we  are  certain  that  the  articles  in  this  volume  will  take  their  place  alongside  the 
1986  and  1989  Hl'IS  articles  as  often-referenced  materials  in  hypeix  elocity  impact 
phenomenology. 

The  Organizing  Committee  for  the  1992  HI  IS  first  met  in  late  1991  to  begin  planning 
for  the  Symposium.  .Assisting  the  Organizing  Committee  were  session  chaimien  and 
chairmen  of  special  committees.  A  listing  of  the  various  chaimien  is  gi\  en  on  the  next  page; 
their  titne  and  dedication  greatly  assisted  in  making  the  symposium  a  technical  success. 

We  are  indebted  to  Ms  Julie  Grosser  w  ho  w  orked  ver\  diligently  to  assemble  this  \  olume. 
She  w  as  responsible  for  vinually  all  the  details  associated  w  ith  putting  this  volume  together, 
from  abstract  submissions  to  submi.ssion  of  the  final  manuscripts.  She  has  very  carefully 
gone  over  all  the  pages,  checking  correcting  for  consistency  of  fomiat .  cleaning  up  smudges, 
page  numbering,  etc.  This  volume  is  a  reflection  of  and  a  tribute  to  Julie's  dedication  and 
attention  to  detail. 

We  are  indebted  to  Professor  Nomian  Jones,  the  Editor-in-Chief  of  the  Iniernationnl 
Journal oj  Impact  Engineering.  We  are  grateful  for  his  suggestions  and  assi.stance  in  bringing 
these  proceedings  to  publication.  Plans  are  to  continue  the  Elyper\  elocity  Impact  Symposia, 
and  we  hope  that  future  symposia  can  also  become  part  of  the  archi\  al  literature. 


Charles  E.  .Anderson.  Jr 
Stephan  J.  Bless 

San  .Antonio.  TX 
■Austin,  TX 
March.  1993 
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LONG-ROD  PENETRATION,  TARGET  RESISTANCE,  AND  HYPERVELOCITY  IMPACT 


CHARLES  E.  ANDERSON,  JR.,  DAVID  L.  LITTLEFIELD,  and  JAMES  D.  WALKER 

Southwest  Research  Institute 
San  Antonio,  TX  78228 


ABSTRACT 

Numerical  simulations  are  used  to  examine  long-rod  penetration  as  a  function  of  impact  velocity.  Similarities  and 
differences  between  the  penetration  histories  are  analyzed,  including  penetration  and  tail  velocities,  penetration  depths, 
crater  radii,  centerline  interface  pressures,  and  the  extents  of  plastic  flow  in  the  projectile  and  target.  The  one¬ 
dimensional  modified  Bernoulli  theory  is  often  used  to  examine  long-rod  penetration  into  semi-infinite  targets,  and 
integral  to  the  theory  is  a  term  that  describes  the  resistance  of  the  target  to  penetration.  It  is  observed  ihat  the  target 
resistance  decreases  with  impact  velocity,  and  it  is  shown  that  this  is  a  con.sequence  of  both  the  residual  phase  of 
penetration  and  variations  in  the  size  of  the  plastic  zone  field. 


NOTATION 

c  elastic  sound  speed 
D  projectile  diameter 
D'j  elastic  deformation  tensor 
Djj  plastic  deformation  tensor 
!■:  energy 

/  instantaneous  projectile  length 
L  initial  projectile  length 
n  unit  normal  vector 
l>  pressure 
P  penetration  depth 
crater  radius 
R,  target  resistance 

subscripts 

l>  projectile 
I  target 

o  initial  condition 


INTRODUCTION 

Normalized  depths  of  penetration  P/L  of  tungsten-alloy,  long-rod  projectiles  into  hard  steel  targets  as  a  function  of 
impact  velocity  from  two  sources  are  shown  in  Fig.  1  (Hohlerand  Stilp,  1987;  Sorensen,  ef «/.,  1991).  The  solid  line 
is  for  projectile  length-to-diameter  {L/D)  ratios  of  10,  while  the  dash-dot  line  is  for  L/D  >  15  projectiles.  The  curves 
represent  least-squares  curve  fits  through  the  experimental  data.  The  steady-state  hydrodynamic  limit  is  given  by 
(p,/p,)''*.  Tne  efficiency  of  shorter  L/D  projectiles,  as  measured  by  P/L,  is  higher  than  for  the  longer  L/D  projectiles. 
This  is  a  well-known  phenomenon;  for  example,  see  Hohlerand  Stilp  (1987). 

A  one-dimensional  model  independently  proposed  by  Tate  (1967,  1969,  1986)  and  Alck.seevskii  (1966)  has  become 
the  standard  reference  for  modeling  long-rod  penetration  of  semi-infinite  targets  such  as  depicted  in  Fig.  I.  The 
pressure  at  the  interface  of  the  projectile  and  the  target  is  given  by  the  modified  Bernoulli  equation  'Tate,  1967,  1969); 

^Pr(v-'')'+Y,  =  ^p,«'-t-R,.  (I) 

Y  is  the  flow  stress  of  the  projectile,  and  R,  is  defined  as  the  target  resistance  in  the  one-dimensional  formulation. 
Within  a  one-dimensional  context,  some  artificial  means  mu.st  be  invoked  to  account  for  lateral  confinement.  The 


.?,j  deviatoric  stress  tensor 
S  surface 
t  time 

T  homologous  temperature 
II  penetration  (interface)  velocity 

V  projectile  (tail)  velocity 
v„  impact  velocity 

V  velocity 

V  specific  volume  (V  =  i/p) 
tv  work  done  per  unit  volume 
IV  work  rate  per  unit  volume 

volume 

P  dcpth-of-pcnctration  averaged 
ss  steady  stale 
T  time  averaged 


tv  work  rate 

ITj  rate  of  work  done  by  mean  stress 

IV’,  rate  of  work  done  by  deviatoric  stress 

X  axial  coordinate 

Yp  projectile  flow  stre.ss 

K  bulk  modulus 

e'’  equivalent  plastic  str  un 

e'  normalized  plastic  strain  rate 

T)  compression  ( 1  -  pjp) 

p  density 

a  flow  stre.ss 


int  internal  energy 
KE  kinetic  energy 
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constraint  to  radial  flow  in  the  target  is  modeled 
by  increasing  the  target  material  strength  by 
some  factor.  Thus,  the  value  of  R,  can  be  sub¬ 
stantially  higher  than  the  flow  stress  of  the 
target.  Anderson  and  Walker  (1991)  .show  that 
R,  can  be  associated  with  radial  gradient 
terms — in  addition  to  the  flow  stress — in  the  ^ 

axial  momentum  equation,  but  unfortunately,  \ 
there  exists  no  a  priori  means  to  compute  these 
extra  terms.  A  number  of  investigators  have 
attempted  to  calculate  the  target  resistance  R,  in 
Eq.  ( 1 )  frcri  a  variety  of  arguments;  a  summary 
of  several  of  the  formulae  is  given  in  Anderson 
and  Walker  (1991).  The  an„!ytical  procedures 
for  estimating  R,  are  simply  approximations  for 
which  there  is  no  way  to  estimate  the  error. 

Thus,  R,  is  often  determined  by  comparing  the 
total  depth  of  penetration  predicted  by  the 
theory  with  experimental  data  and  adjusting  R, 
until  there  is  agreement.  This  procedure  was 
used  to  compute  the  target  resistances  for  the 
data  of  Fig.  1,  and  are  shown  in  Fig.  2  as  a 
function  of  impact  velocity.  A  constant  flow 
stress  of  2.0  GPa  was  used  for  (Anderson 
and  Walker,  1991).  Although  the  influence  of 
projectile  L/D  on  target  R,  is  evident,  the 
velocity  dependence  of  R,  is  certainly  more 
striking.  Note  that  as  P/L  approaches  the  ^ 
hydrodynamic  limit,  R,  approaches  Yp',  also,  ^ 
note  that  R,  must  be  less  than  Yp  for  the  pene-  o 
tration  performance  to  exceed  the  hydrody-  ^ 
namic  limit. 

Even  with  the  stated  limitations  and  apparent 
problems,  the  Tate  model  has  proven  to  be  a 
very  usefu)  guide  for  long-rod  penetration  stu¬ 
dies.  Anderson  and  Walker  (1991)  provide  a 
detailed  comparison  between  numerical 
simulations  of  long-rod  penetration  and  the 
predictions  of  the  Tate  model  at  typical  ord¬ 
nance  velocities  (1.2  -  1.7  km/s).  They  dem¬ 
onstrate  that  the  Tate  model  provides  an 
excellent  first-order  approximation  to  long-rod 
penetration  of  a  semi-infinite  target. 


Velocity  (km/s) 

Figure  1:  Normalized  Depth  of  Penetration 
versus  Impact  Velocity 


Velocity  (km/s) 


Figure  2:  Target  Resistance  for  Hardened 
Steel  versus  Impact  Velocity 


We  have  already  seen  in  Fig.  2  that  R,  is  a  .strong  function  of  velocity.  Although  R,  is  generally  considered  constant 
during  the  penetration  event,  it  in  fact  varies  during  penetration.  This  has  been  demonstrated  in  time-resolved 
depth-of-penetration  experiments  and  numerical  simulations  (Anderson,  Walker,  and  Hauver,  1992).  One  of  the 
consequences  of  the  Tate  model  is  that  the  total  depth  of  penetration  is  very  sensitive  to  the  assumed  value  of  the  target 
resistance  R,  (Anderson,  Walker,  and  Hauver,  1992).  VVe  chose  to  investigate  the  fundamental  reason  for  the  strong 
dependency  of  R,  on  impact  velocity  because  of  the  sensitivity  of  penetration  performance  on  R,,  because  R,  is  used 
to  rank  the  ballistic  performance  of  advanced  materials,  and  because  of  the  uncertainties  in  the  physical  interpretation 
ofR,. 


METHODOLOGY 

The  three-dimensional  Eulerian  wave  propagation  computer  program,  CTH  (McGlaun,  e/  al.,  1990),  was  u.sed  to 
perform  the  numerical  experiments.  The  2-D  cylindrically  symmetric  option  was  used  for  the  computations.  CTH 
uses  a  van  Leer  algorithm  for  second-order  accurate  advection  that  has  been  generalized  to  account  for  a  non-uniform 
and  finite  grid,  and  multiple  materials.  Further,  CTH  has  an  advanced  material  interface  algorithm  for  the  treatment 
of  mixed  cel  Is  (McGlaun,  et  al.,  1 990).  Also,  CTH  has  been  modified  to  account  for  more  realistic  constitutive  treatment 
of  material  rcspon.se  by  allowing  the  flow  stress  to  be  functions  of  strain  and  strain  rate  (Predebon,  etal.,  1991;  Silling, 
1991). 

Projectile  and  target  materials  typically  used  in  armor  penetration  experiments  were  selected  for  the  numerical  sim¬ 
ulations.  The  target  was  considered  to  be  4340  steel  with  a  hardness  of  Rockwell  C  30.  The  tungsten-alloy,  long-rod 
projectile  was  modeled  withai/Dof  10;  the  length  was  8. 17  cm.  The  impact  velocity  was  varied  for  the  study.  Square 
zoning  (with  five  zones  across  the  radius  of  the  projectile)  was  used  in  the  interaction  region.  The  constitutive  response 
for  4340  steel  was  represented  by  the  Johnson-Cook  model  (Johnson  and  Cook,  1985); 

o,  =  792[l-h0.644(e^)““]Il-(-0.0141ne  ][l-r‘'“]  MPa, 


(2a) 


Lotig-rtKl  pcnctrylinn  and  target  rcMsiancc 


where  a,  is  the  von  Mises  effective  flow  stress  (in  MPa),  792  MPa  being  the  quasi-static  yield  stress,  e!'  the  equivalent 
plastic  strain,  t  the  dimensionless  plastic  strain  rate  (e!|  =  1.0  s‘‘),  and  T  the  homologous  temperature.  We 

have  examined  a  number  of  tungsten  (90-93%  by  weight)  alloys,  and  the  stress-strain  response  can  be  modeled  using 
an  expression  of  the  form  (Anderson  and  Walker,  1991): 

=  1350[(l-hPe^)”-H0.061ne]  MPa.  (2b) 

In  particular,  the  work  hardening  and  strain  rate  effects  are  found  to  be  "independent"  in  that  the  strain-rate  effect  does 
not  alter  the  slope  of  the  strain-hardening  curve.  For  the  particular  tungsten  alloy  used  in  the  numerical  simulations, 
the  initial  yield  .stress  is  strain-rate  dependent,  but  there  is  little  work  hardening,  so  P  is  set  to  zero. 


COMPUTATIONAL  RESULTS 


The  impact  velocity  was  parametrically  varied  in  a  series  of  numerical  simulations;  1.5,  2.0,  2.5,  3.0,  and  4.5  km/s. 
The  normalized  depths  of  penetration  are  depicted  in  Fig.  1  by  a  solid  circle  at  the  respective  impact  velocities; 
agreement  is  generally  within  experimental  scatter.  The  computational  points  are  slightly  above  the  experimental  data 
at  the  higher  velocities,  but  the  computations  are  fori/D  =  10  projectiles,  while  the  experimental  data  are  for  UD  >  1 5 
projectiles. 


Phases  of  Penetration.  The  interface  (pene¬ 
tration)  and  tail  velocities,  along  the  centerline, 
arc  shown  in  Fig.  3  for  three  of  the  computer 
runs.  The  primary  pha.se  of  penetration  is  the 
steady-state  phase  in  which  the  interface  pres¬ 
sure  and  penetration  velocities  are  approxi¬ 
mately  constant  with  time.  The  term  \JL 
provides  an  estimate  of  the  total  penetration 
time;  therefore,  it  is  convenient  to  use  a  scaled 
time,  given  by  t\JL,  to  display  the  results  for 
different  impact  velocities.  The  phases  of 
penetration,  as  conceptually  devised  by 
Eicheibcrger  and  Gehring  (1962)  and  elabo¬ 
rated  on  by  Christman  and  Gehring  (1966),  are 
readily  apparent  in  the  time  history  of  the 
penetration  velocity.  These  phases  of  pene¬ 
tration  consist  of  an  initial  transient  (shock) 
phase,  a  quasi-steady-state  phase,  a  residual 
penetration  phase,  and  an  elastic  recovery 
phase.  The  elastic  recovery  pha.se  represents 
the  elastic  rebound  of  the  crater  at  the  end  of 
penetration.  A  physical  effect  of  elastic 
recovery  is  discussed  in  Anderson  and  Walker 

(1991),  but  is  of  little  interest  here.  The  relative  length  of  lime  of  each  of  Ihe.se  pha.ses,  in  general,  depends  on  the 
initial  impact  velocity  (and  the  geometric  dimensions  of  the  projectile,  which  were  kept  constant  for  this  investigation). 
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Figure  3:  Penetration  and  Tail  Velocities 
versus  Scaled  Time 


Although  the  sets  of  curves  in  Fig.  3  are  similar,  there  are  also  some  distinct  differences.  During  the  shock  phase  of 
penetration,  referred  to  as  the  transient  phase  in  which  wave  effects  dominate  the  physics  and  mechanics  of  penetration, 
there  is  an  initial  rapid  increase  in  the  penetration  velocity  as  rarefaction  waves  from  the  free  lateral  surface  of  the 
projectile  and  the  top  surface  of  the  target  release  the  "geometric"  confinement  of  impact.  The  stress  release  waves 
allow  radial  motion  of  target  material,  thus  releasing  confinement  and  allowing  easier  penetration;  hence,  the  rapid 
increase  in  penetration  velocity.  However,  the  lateral  motions  fall  to  lower  velocities  as  the  high  pressures  from  the 
shock  arc  attenuated,  and  the  penetration  velocity  subsequently  decreases.  At  this  point,  the  "mode"  of  penetration 
has  changed  from  the  transient  wave  phase  to  a  steady-state  material  flow  phase.  For  the  projectile  dimensions  used 
in  these  calculations,  it  lakes  approximately  7  to  10  ps  to  achieve  quasi-steady  penetration.  Although  the  shock 
pressures  are  dissipated  in  a  time  frame  approximately  given  by  D/c  (=  1 .80  ps  for  the  specific  dimensions  and  materials 
used  for  the.se  computations),  the  high  pressures  from  the  shock  sets  the  target  material  in  motion,  and  it  takes  some 
time  for  this  transient  state  to  decay  into  a  quasi-steady-state  penetration.  The  penetration  velocities  versus  normalized 
depth  of  penetration  (on  the  centerline)  are  plotted  in  Fig.  4  for  the  five  impact  velocities.  It  is  observed  that  the 
"duration"  of  the  transient  stage  is  approximately  independent  of  impact  velocity  in  that  quasi-steady  penetration  is 
achieved  after  1.2  -  1.5  Z?  of  penetration.  (We  note  here  that  this  conclusion  is  for  a  tungsten  projectile  into  a  steel 
target.  Anderson,  Walker,  and  Hauver  (1992),  showed  that  it  takes  approximately  2.5  D  of  penetration  before 
quasi-steady  penetration  is  achieved  for  tungsten  impacting  a  titanium  target.  Therefore,  density  (inertial)  effects  are 
important  in  determining  how  long  this  pha.se  lasts.]  It  is  concluded  that  the  duration  of  the  transient  phase,  to  first 
order,  depends  on  geometric  and  material  parameters,  and  not  the  impact  velocity. 

The  quasi-steady  pha.se  of  penetration  persists  until  the  projectile  is  essentially  eroded.  The  penetration  and  tail 
positions  of  the  projectile,  as  a  function  of  .scaled  time,  arc  shown  in  Fig.  5  for  three  of  the  impact  velocities  studied. 
The  computations  predict  approximately  1 .2  D  of  pcnelrator  remaining  at  the  end  of  penetration  for  an  impact  velocity 
of  1.5  km/s;  only  0.3  Dof  the  projectile  remains  at  2.0  km/s;  and  the  projectile  is  completely  eroded  at  impact  velocities 
of  2.5  km/s  and  greater.  Analysis  of  Figs.  3  through  5  indicates  that  the  amount  of  residual  penetration,  that  is,  that 
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Figure  4;  Penetration  Velocities  versus 

Normalized  Depth  of  Penetration 


portion  of  penetration  that  occurs  after  the  end 
of  steady-state  penetration,  is  velocity  depen¬ 
dent;  this  is  readily  apparent  in  Fig.  4. 

The  penetration  velocities,  assuming  hydrody¬ 
namic  theory  (R,  =  Yp  =  0),  are  also  plotted  in 
Fig.  4.  The  steady-state  hydrodynamic 
penetration  depth  is  also  shown.  Even  at  an 
impact  velocity  of  4.5  km/s,  it  is  seen  that  the 
penetration  velocity  falls  below  hydrodynamic 
theory.  And  the  steady-state  phase  of  pene¬ 
tration  is  completed  before  the  depth  of  pene¬ 
tration  reaches  the  hydrodynamic  limit.  From 
these  ob,servations,  it  is  concluded  that  even 
though  the  interface  stresses  are  substantially 
higher  than  the  flow  stress — such  that  the 
hydrodynamic  approximation  should  be 
valid — strength  effects  result  in  a  lower  pene¬ 
tration  velocity  and  an  increased  erosion  rate 
compared  to  hydrodynamic  theory.  It  is  the 
residual  penetration  phase,  resulting  from  the 
inertial  effect  of  target  material  set  in  motion  by 
the  high  .stresses  generated  by  projectile  pene¬ 
tration,  that  allows  penetration  to  continue 
towards  the  hydrodynamic  limit  and,  if  the 
velocity  is  sufficiently  high,  beyond.  This  is  an 
important,  if  unexpected,  conclusion. 

Eichelberger  and  Gehring  (1962)  and  Christ¬ 
man  and  Gehring  (1966)  defined  the  residual 
penetration  to  be  the  penetration  that  occurs 
after  the  steady-state  phase;  they  also  refer  to 
this  phase  of  penetration  as  the  cavitation  phase. 

In  Fig.  4,  the  residual  penetration  phase  is  seen 
to  contribute  substantially  to  the  total  penetra¬ 
tion  at  the  higher  impact  velocities.  We  make 
a  'ight  di.stinction,  however,  between  what  is 
(  'd  residual  penetration  and  what  we  will  call 
secondary  penetration,  which  requires  a  defi¬ 
nition  of  the  terms  primary  and  secondary 
penetration.  The  primary  phase  of  penetration 
is  defined  as  that  penetration  resulting  from  the 
steady-state  phase  (and  the  transient  phase).  An 
estimate  of  when  the  projectile  is  fully  eroded 
can  be  made,  assuming  steady-state  ptenetra- 
tion.  From  this,  the  primary  phase  of  penetra¬ 
tion  ceases  when  the  projectile  is  fully  eroded." 

Secondary  penetration  is  then  defined  as  any 
remaining  penetration.  [This  definition  of 
secondary  penetration  differs  from  that  used  by 
Allen  and  Rogers  (1961)  who  defined  it  to  be 
the  penetration  that  results  from  forward  flow 
of  projectile  erosion  products  for  the  ca.se  where 
the  projectile  has  a  higher  density  than  the 
target.  The  criteria  defined  by  Allen  and  Rogers 
for  continued  penetration  by  the  erosion  prod¬ 
ucts  are  not  met  for  the  materials  and  impact 
velocities  studied  here.]  The  depths  of 
penetration  for  the  primary  pha.se  (open  circle.s) 
arc  shown  in  Fig.  6.  (At  1.5  km/s,  one  to  two 
diameters  of  projectile  remain  at  the  end  of 
penetration;  full  erosion  of  the  projectile  would 
give  deeper  penetration  than  observed,  so  an 
open  circle  is  not  .shown.)  Also  .shown  are  the 
penetrations  at  the  end  of  the  quasi-.steady  phase 
(open  triangles)  and  total  penetration  (solid  circles).  The  difference  in  penetration  between  total  and  the  primary 
penetration  is  the  .secondary  penetration;  the  difference  between  total  penetration  and  the  quasi-steady  penetration  is 
the  residual  penetration,  per  the  definitions  established  above.  Regardless  of  which  nonsteady  penetration  is  u.sed,  it 
is  clear  that  the  magnitude  of  the  nonsteady  portion  of  penetration  increa.ses  with  increasing  velocity,  and  that  it 
contributes  significantly  to  the  total  penetration  at  the  higher  impact  velocities. 
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Figure  5:  Penetration  Depth  and  Tail 
Position  versus  Scaled  Time 
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Figure  6.  Primary,  Secondary,  and  Residual  Penetration 


♦This  tlcfinilion  is  molivalcd  by  experiments  where  flash  radiography  is  used  to  determine  the  position  of  the  nose  and  tall  of  the  projectile 
ai  discrete  instances  of  time.  Typically,  these  data  arc  used  to  estimate  when  the  projectile  is  fully  eroded  by  drawing  linear  curve  fits,  i.c., 
a  steady-state  approximation,  through  the  position-time  points. 


Long  rixJ  penetration  and  target  resistance 


Projectile  Deceleration.  The  projectile  is  decelerated  by 
elastic  waves  that  reflect  from  the  free  surface  at  the  tail  of 
the  projectile  and  the  plastic  interface  near  the  projecti¬ 
le/target  interface  (Anderson  and  Walker,  1991;  Walker  and 
Anderson,  1992).  At  the  slower  impact  velocity, 
penetration  proceeds  at  a  rate  sufficiently  slowly  that  a 
number  of  elastic  wave  transits  occur,  thereby  decreasing 
both  the  tail  and  interface  velocities  (the  step  decrease  in 
the  tail  velocity  which  results  from  the  arrival  of  the  stress 
wave  at  the  rear  surface  of  the  projectile  can  be  seen  in  the 
tail  velocity  histories  depicted  in  Fig.  3).  The  decrement  in 
velocity  is  given  by  2Yp/ppC,  which  is  approximately 
50  m/s;  this  number  is  independent  of  impact  velocity  over 
the  range  of  interest  here.  This  step  deceleration  occurs 
every  (approximately)  2l/c  time  increment  (notice  that  as 
the  length  of  the  projectile  gets  shorter,  the  step  deceleration 
occurs  more  frequently).  Thus,  the  relative  percentage  of 
this  elastic  wave  deceleration  goes  from  approximately  3% 
(6%  on  the  penetration  velocity)  for  the  1.5-km/s  case  to 
only  1  %  (2%  on  the  penetration  velocity)  for  the  4.5-km/s 
impact  case.  It  is  therefore  concluded  that  although  elastic 
deceleration  is  a  second-order  effect  during  penetration,  it 
is  more  important  at  the  lower  impact  velocities.  This  can 
also  be  seen  from  the  fact  that  the  elastic  deceleration 
preserves  a  piece  of  the  projectile  for  the  lower  velocity 
impacts,  while  it  is  unable  to  decelerate  the  projectile  i  i  the 
high  velocity  impacts  quickly  enough  to  prevent  erosion  at 
the  interface  from  consuming  the  entire  projectile. 

Plastic  Strain  Contours  and  Crater  Radii.  Contours  of 
equivalent  plastic  strain  rate  (left-hand  side  of  each  figure) 
and  equivalent  plastic  strain  (right-hand  side  of  each  figure) 
are  shown  in  Fig.  7  for  three  of  the  cases  studied.  The 
figures  are  plotted  when  the  projectile  is  approximately 
one-half  of  its  original  length.  Several  features  are  evident. 
The  strain  rate,  as  expected,  increases  with  impact  velocity. 
The  impact  craters  are  approximately  cylindrical  with  a 
characteristic  radius  that  is  a  function  of  the  impact  velocity. 
The  minimum  and  maximum  crater  radii,  along  with  the 
crater  radius  at  the  original  target  free  surface,  are  tabulated 
in  Table  1.  Experimentally  determined  crater  radii  (An¬ 
derson, Morris  and  Littlefield,  1992)  are  also  tabulated.  The 
procedure  for  measuring  the  crater  diameter  varies  between 
different  investigators;  further,  although  nominally  the 
same  type  of  material  (armor  steel),  the  flow  stress  does 
vary  somewhat  between  various  experiments.  Therefore, 
a  range  in  the  experimentally  measured  crater  radii  is 
given.  ‘  Examination  of  Fig.  7  shows  that  the  crater  radius, 
as  a  function  of  penetration  depth,  becomes  distinctly  more 
variable  as  the  impact  velocity  increases. 

The  pla.stic  strain  contours  are  similar  at  the  three  impact 
velocities  shown,  although  the  actual  extents  of  the  plastic 
zone  fields  increase  with  impact  velocity.  The  velocity 
dependence  of  the  crater  radius  and  the  extent  of  the  plastic 
zone  field  is  related  to  the  higher  stresses  at  the  projecti- 
le/turget  interface.  Figure  8  shows  the  centerline  interface 
pressure  for  the  five  different  impact  cases;  the  peak  values 
from  the  initial  shock  are  listed  in  Table  2.  It  should  be 
noted  that  the  duration  of  the  .shock  pressure  is  approxi¬ 
mately  a  constant  (since  it  is  a  function  of  the  geometric 
and  material  parameters);  therefore,  when  plotted  as  a 
function  of  scaled  time  in  Fig.  8,  the  "duration"  for  the 

4.5- km/s  case  is  approximately  3  times  longer  than  for  the 

1.5- km/s  case. 

Centerline  Velocity.  The  velocity  along  the  projectile/tar¬ 
get  centerline  is  plotted  versus  scaled  distance  in  Fig.  9  for 
the  same  times  represented  in  Fig.  7  (when  the  projectile  is 
approximately  50%  consumed).  The  da.shed  vertical  line 


**Tlii;  values  ul  a  .S  km/s  come  from  only  3  data  points;  many  data 
points  csisi  at  the  other  impact  velocities. 
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Figure  7:  Plastic  Strain  Rate  and  Equivalent 
Plastic  Strain  Contours 
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Table  I.  Crater  Radii 


Table  2.  Impact  Shock  Pressures 


Impact 

Velocity 

(km/s) 

Radius  at 
x  =  0 
R/D 

Minimum 

Radius 

R/D 

Maximum 

Radius 

R/D 

Experimental 

Radii 

R/D 

1.5 

0.893 

0.832 

0.959 

0.85-1.2 

2.0 

1.05 

1.00 

1.13 

1.1-1.35 

2.5 

1.25 

1.21 

1.40 

1.35-1.6 

3.0 

1.48 

1.46 

1.69 

1.45-1.75 

4.5 

2.02 

1.91 

2.82 

2.35-2.4 

Impact 

Velocity 

(km/s) 

Peak 

Pressure 

(GPa) 

1.5 

25.0 

2.0 

36.4 

2.5 

49.8 

3.0 

65.0 

4.5 

115. 

represents  the  location  of  the  projectile/target  interface; 
the  velocities  to  the  left  of  the  dashed  line  represent 
those  of  the  projectile,  and  target  velocities  are  repre¬ 
sented  to  the  right  of  the  line.  All  results  have  been 
shifted  so  that  the  interfaces  have  a  common  coordinate 
of  .V  =  0  to  assist  in  comparing  the  results.  At 
approximately  x/L  =  0.5,  the  velocity  goes  from  zero 
(no  material)  to  the  material  velocity  of  the  projectile 
tail.  The  velocity  in  the  projectile  is  then  relatively 
constant  until  approximately  1.5  projectile  diameters 
from  the  projectile/target  interface.  As  observed  ear¬ 
lier,  elastic  deceleration  of  the  projectile  has  changed 
the  tail  velocity  of  the  1.5-k.m/s  impact  case  by  a  larger 
percentage  than  for  the  higher  velocity  cases.  A  large 
velocity  gradient  exists  at  the  projectile/target  inter¬ 
face.  Anderson  and  Walker  (1991)  demonstrated  that 
this  velocity  gradient  is  coincident  with  the  extent  of 
plastic  flow  in  both  the  projectile  and  the  target.  Rapid 
deceleration  of  projectile  material  occurs  when  the 
material  enters  the  plastic  zone,  i.e.,  when  the  material 
begins  to  "see"  the  large  stresses  at  the  projectile/target 
interface.  The  reason  why  the  material  does  not  see 
these  stres.ses  earlier  is  becau.se  the  condition  of  uni¬ 
axial  stress  exists  in  most  of  the  length  of  the  projectile, 
which  limits  the  magnitude  of  the  stress  to  the  flow 
stress  of  the  material.  It  is  observed  that  the  extent  of 
the  plastic  zone  in  the  projectile  is  essentially  inde¬ 
pendent  of  impact  velocity.  On  the  other  hand,  the 
amount  of  target  material  flowing  plastically  increases 
with  penetration  velocity,  as  inferred  from  the  larger 
region  of  target  material  with  a  non-zero  velocity  (also 
see  Fig.  7).  Estimates  for  the  extent  of  the  plasstic  zone 
in  the  target  (along  the  centerline),  normalized  by  the 
crater  diameter  (at  .x  =  0),  were  made  from  analysis  of 
the  computational  results.  These  values  correspond  to 
the  times  in  Fig.  7  when  the  projectiles  are  approxi¬ 
mately  one-half  consumed.  Two  values  were  obtained; 
the  0.2%  equivalent  plastic  strain  contour,  and  the  1  s  ' 
plastic  strain  rate  contour.  Values  are  listed  in  Table  3. 
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Figure  8:  Centerline  Interface  Pressure 
versus  Scale  Time 
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Figure  9:  Velocity  along  Projectilc/Target 
Centerline 


The  extent  of  the  plastic  zone  is  scaled  by  the  crater  radius,  as  opposed  to  the  projectile  diameter,  because  of  the  role 
the  crater  radius  plays  in  analytical  theories  for  nonsteady  penetration  (Ravid,  et  al.  1987;  O’Donoghue,  et  al.,  1989; 
Walker  and  Anderson,  1992).  There  are  several  important  items  of  note.  As  already  mentioned,  the  extent  of  the 
plastic  zone  field  in  the  projectile  is  approximately  independent  of  penetration  velocity.  And  although  the  actual 
physical  extent  of  the  flow  field  increases  in  the  target  with  penetration  velocity,  the  extent  of  the  flow  field  decrea.ses 
in  terms  of  the  crater  radius.  This  appears  to  be  a  consequence  of  compressibility  of  the  target  (Walker  and  Anderson, 
1992).  discussed  below. 

ANALYSIS 

Target  Rexistance.  The  deviation  from  idealized  steady-state  fluid  flow  behavior  is  given  by  the  difference  between 
R,  and  Yp  in  Eq.  (1): 


R,- Yp  =  rPp(v-«)'--p,tt'. 


pcnclralu>n  and  larucl  rcM>tantC 


The  departure  from  idealized  steady-state  fluid 
response  was  calculated  from  the  results  of  the 
numerical  simulations  using  Eq.  (3),  and  these  are 
plotted  in  Fig.  10  as  a  function  of  scaled  time  t\JL. 
It  is  .seen  that  R,-Yp  varies  considerably  during 
penetration.  If  it  is  assumed  that  Yp  is  approxi¬ 
mately  a  constant  during  penetration,  approxi¬ 
mately  2.0+0.2  GPa  for  a  tungsten  alloy  projectile 
(Anderson  and  Walker,  1991),  then  R,  is  the 
quantity  that  varies  appreciably  during  penetra¬ 
tion.  Even  if  Y.  increa.ses  at  the  very  end  of 
penetration  (Frank  and  Zook,  1990),  this  is  not 
sufficient  to  account  for  the  large  change  in  R,. 

The  numerical  results  of  Fig.  10  were  integrated  to 
provide  "average"  values  over  the  total  penetration 
event  according  to  the  following  expressions: 

<R,>r  =  ^  (4) 

K(x)dx  (5) 

where  T  and  P  are  the  total  time  interval  of 
penetration  and  total  depth  of  penetration, 
respectively.  The  time-averaged  R,  can  be  slightly 
different  than  the  space-averaged  R,  because  of  the 
shock  pha.se  and  final  deceleration  phases  where 
the  rates  of  penetration  are  different  than  in  the 
steady-state  phase.  These  values  are  listed  in 
Table  4. 

Table  4.  Target  Resistance  Values 


Table  3.  Normalized  Extent  of  Piastic  Zone  in  the  Projectile 


Impact 

Velocity 

(km/s) 

0.2%  Plastic  _ 
Strain  Contour" 

1  s  '  Strain  Rate 
Contour" 

1.5 

2.7 

3.2 

2.0 

2.6 

3.1 

2.5 

2.5 

3.0 

3.0 

2.2 

2.6 

4.5 

1.8 

2.0 

"Normalized  by  the  crater  radius  at  x  =  0. 
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Figure  10:  Deviation  from  Steady-State 
Hydrodynamic  Theory 
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is  all  or  nearly  all  eroded.  Thus,  one  of  the 

explanations  for  the  strong  velocity  dependence  of  Velocity  (km/s) 

R,  ob.served  in  Fig.  2  is  the  contribution  of  the  .  j 

residual  stage  ofpenetration  to  the  total  penetration  Figure  11:  Computed  R,  s  as  a  Function  of 

depth.  The  last  column  in  Table  4  lists  the  R,’s  Impact  Velocity 

required  for  the  Tate  model  to  give  the  same  depth 

of  penetration  as  the  computations.  Considering 

that  the  Tate  model  neglects  the  shock  phase,  and  the  tail  and  penetration  velocities  are  in  error  in  the  residual  penetration 
phase  (Anderson  and  Walker,  1992),  there  is  reasonable  agreement  between  the  various  columns.  It  is  pointed  out 
that  R,  changes  dramatically  with  almost  no  change  in  depth  of  penetration  at  impact  velocities  above  2.5  km/s  (see 
Figs.  1  and  2).  This  makes  the  calculation  of  R,  very  sensitive  to  the  precision  and  numerical  scheme  used  in  the  Tate 
model.  No  R,  value  is  listed  at  4.5  km/s;  the  penetration  depth  is  sufficiently  above  the  hydrodynamic  limit  that  R, 
must  be  negative  (for  constant  Yp)  for  the  model  to  match  the  depth  of  penetration. 


An  R,  can  be  calculated  up  to  the  time  that  the  projectile  tail  begins  its  rapid  deceleration,  i.e.,  the  end  of  the  quasi-steady 
pha.se,  thereby  neglecting  the  residual  penetration  pha.se.  These  steady  state  values,  (R,)„,  are  also  li.sted  in  Table  4. 
The  R,’s  listed  in  Table  4  are  plotted  in  Fig.  11.  Regardless  of  how  R,  is  calculated,  it  decreases  with  impact  velocity. 
The  underlying  reason  for  this  may  be  due  to  the  incompressibility  assumption  central  to  the  theory. 
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Compressibility  Effects.  The  compression  r|  is  plotted  on 
the  right  side  in  Fig.  12,  and  the  equivalent  plastic  strain  on 
the  left.  The  density  itself  does  not  change  appreciably,  and 
in  this  sense,  incompressibility  is  a  reasonable  approxi¬ 
mation.  However,  in  computing  the  resistance  of  the  target 
to  penetration,  it  is  not  obvious  that  compressibility  effects 
can  be  ignored.  Considerable  elastic  energy  can  be  stored 
in  a  small  amount  of  compression  of  the  target  (this  is  true 
also  of  the  projectile,  but  the  volume  involved  is  small 
relative  to  that  of  the  target).  The  effect  of  compressibility 
on  target  response  is  a  function  of  impact  velocity.  At  low 
impact  velocities,  e.g.,  1 .5  km/s,  most  of  the  plastic  straining 
occurs  within  the  vicinity  (in  front  and  to  the  side)  of  the 
projectile/target  interface.  After  passage  of  the  projectile, 
there  is  very  little  additional  plastic  strain  accumulated  in 
the  target.  At  higher  impact  velocities,  a  significant  amount 
of  plastic  straining  occurs  when  the  target  unloads  from  a 
compressed  state.  This  straining  occurs  in  the  target  volume 
far  "behind"  the  projectile,  and  hence  does  not  directly  affect 
penetration.  This  can  be  seen  in  Fig.  7;  for  the  3.0  and  4.5 
kni/s  impact  cases,  plastic  strain  rates  of  10^  and  10^  s  '  are 
evident  in  regions  of  the  target  well  behind  (above)  the 
projectile/target  interface  plane.  This  attests  to  additional 
plastic  strain  due  to  release  of  compression.  Thus,  the  radius 
of  a  constant  strain  contour  increases  as  one  moves  from 
the  vicinity  of  the  projectile/target  interface  to  the  target 
volume  behind  the  projectile. 

It  is  the  target  volume  in  the  vicinity  of  the  projectile/target 
interface  that  mostly  controls  penetration.  Because  some 
of  the  energy  transfer  from  the  projectile  to  the  target  is 
temporarily  stored  in  compression,  the  rate  at  which  energy 
is  dissipated  by  plastic  work  near  the  projectile/target 
interface  is  less  than  if  there  were  no  compression  (as 
already  di.scussed  in  the  preceding  paragraph,  additional 
plastic  work  does  occur  in  unloading,  but  this  is  away  from 
the  projectile/target  interface  and  therefore  does  not  directly 
influence  penetration).  Therefore,  compressibility  tends  to 
decrease  the  extent  of  plastic  dissipation  in  the  vicinity  of 
the  projectile/target  interface  as  compared  to  an  incom¬ 
pressible  case.  Analytical  models  of  penetration  relate 
plastic  dissipation  to  a  plastic  zone  extent,  and  target 
resistance  increases  as  the  extent  of  the  plastic  zone, 
normalized  by  the  crater  radius,  increases.  Walker  and 
Anderson  (1992)  demonstrated  that  the  normalized  extent 
of  the  plastic  zone  is  velocity  independent  if  compre.ssibility 
effects  are  ignored,  but  that  the  normalized  extent  of  the 
plastic  zone  decrea.ses  with  impact  velocity  when  com¬ 
pressibility  is  included.  The  analytical  findings  of  Walker 
and  Anderson  are  consistent  with  the  results  of  the 
numerical  simulations. 


Estimates  of  the  amount  of  energy  per  unit  volume  going 
into  compression  can  be  made  from; 


Although  only  the  first  two  terms  of  the  equation  of  .state 
have  been  retained,  Eq.  (6)  will  provide  an  adequate 
approximation  for  estimating  energy  densities.  It  is  also 
useful  for  comparison  purposes  tocalculate  the  plastic  work 
equal  to  the  work  done  in  compression.  The  plastic  work 
is  approximately  the  area  under  the  stre.ss-strain  curve, 
which  is  given  by  Equating  the  plastic  strain  energy 
to  the  energy  in  compression,  and  solving  for  the  plastic 
strain  gives; 


Figure  12:  Plastic  Strain  and  Compressibility 
Contours 
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Table  5.  Comparison  of  Energy  Densities 


(7) 


The  bulk  modulus  for  steel  is  152  GPa;  an  effective  flow 
stress  is  approximately  1  GPa.  Using  these  values,  quan¬ 
titative  numbcrscan  be  calculated  for  Eqs.  (6)  and  (7).  Table 
5  compares  the  energy  density  stored  in  compression  with 
the  energy  density  dissipated  in  plastic  work  for  several 
different  compressions. 

Figure  12  can  be  used  to  make  an  estimate  of  the  relative 
importance  of  the  energy  going  into  compression  and  into 
plastic  work.  The  following  estimates  are  made  for  a  region 
approximately  one  projectile  diameter  into  the  target.  At 
1 .5  km/s,  ignoring  the  energy  absorbed  by  compression  is 
at  most  a  5%  error.  But  as  the  impact  velocity  increases,  the  error  increases  disproportionately.  At  3.0  km/s,  the 
energy  per  unit  volume  going  into  compression  is  approximately  40%  of  the  energy  per  unit  volume  dissipated  by 
plastic  work;  at  4.5  km/s,  the  energy  per  unit  volume  in  compression  exceeds  the  energy  per  unit  volume  dissipated 
by  plastic  work  by  as  much  as  a  factor  of  two.  This  is  an  important  observation  since  virtually  all  analytic  models  of 
penetration  ignore  compressibility. 
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(-) 

Energy 

Densi^ 

(J/cm5 

e 

(-) 

0.990 

0.010 

7.60 

0.0076 

0.975 

0.025 

47.5 

0.048 

0.950 

0.050 

190. 

0.19 

0.925 

0.075 

428. 

0.43 

0.900 

0.100 

760. 

0.76 

The  di.scussion  in  this  subsection,  along  with  the  observation  that  R,  begins  its  precipitous  decline  in  Fig.  2  at 
approximately  1.5  km/s,  provides  credence  to  our  assessment  that  compressibility  effects  become  increasingly 
important  in  the  mechanics  of  penetration  as  the  impact  velocity  increases  above  1.5  km/s.""*  Again,  we  make  the 
distinction  between  the  density  of  the  target  material  remaining  approximately  constant  versus  the  energy  absorbed 
in  compression.  Even  at  4.5  km/s,  the  target  density  in  the  vicinity  of  the  projectile/target  interface  has  changed  only 
on  the  order  of  10%,  and  significantly  less  elsewhere  in  the  target. 


Work  Rates.  It  is  possible  to  provide  a  quantitative  analysis  of  the  rate  at  which  energy  is  absorbed  by  the  target.  The 
rate  of  work  done  per  unit  volume  at  any  point  in  the  target  or  projectile  may  be  determined  from  the  expression  (e.g., 
see  Anderson,  1987): 


tv  =  V  •  (v  •  Oy)  =  ~V  •  (vp)  +  V  •  (v  •  J,^).  (8) 

On  the  right  hand  side  of  Eq.  (8),  stre.ss  tensor  has  been  separated  into  pre.ssure  and  deviatoric  components.  The  first 
term  is  the  rate  of  work  done  by  the  i.sotropic  component  of  the  stress,  which  includes  work  done  due  to  pressure 
gradients  in  a  velocity  field  as  well  as  the  work  done  by  compression.  The  second  term  is  the  rate  of  work  done  by 


the  deviatoric  stress.  Integration  of  Eq.  (8)  over  the  target 
particular  time: 

IV  =  J  V  •  (v  •  a,j)dQ.  =  J(v  •  o,j)  •  nJS  = 
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where  is  the  target  volume,  S  is  the  surface  of  the  target, 
and  n  is  the  unit  normal  vector  pointing  out  of  the  target. 
VVg  is  the  rate  of  work  done  by  pressure  forces,  and  VV,  is 
the  rate  of  work  done  by  deviatoric  stress.  The  divergence 
theorem  has  been  used  to  convert  the  volume  integrals  to 
surface  integrals.  The  advantage  in  the  conversion  to  sur¬ 
face  integrals  is  the  integrands  now  vanishes  virtually 
everywhere  except  on  the  crater  surface.  Furthermore,  the 
largest  contributions  within  the  crater  occur  near  the  crater 
base  where  the  stresses  are  largest.  The  surface  integrals 
were  evaluated  at  a  few  different  times  for  impact  velocities 
of  1 .5  and  3.0  km/s;  the  results  are  given  in  Table  6.  Since 
the  stresses  are  large  in  magnitude  and  negative  in  com¬ 
pression,  and  the  velocity  is  in  the  opposite  direction  of  n, 
VV  is  positive.  Physically  this  isexpected  since  the  projectile 
is  delivering  energy  to  the  target. 

The  relative  magnitudes  of  the  values  in  Table  6  are 
reasonably  consistent  with  the  results  anticipated  from 
scaling  arguments.  The  time  scale  is  given  approximately 
by  L/v„,  so  the  rate  of  change  in  the  total  energy  for  the 


yields  the  total  rate  of  work  done  on  the  target  at  a 

J pv  •  ndS  +  J(v  '  s,j)  •  TidS  =  VVj  -t-  VV^  (9) 

s  s 


Table  6.  Energy  Rates 


Time  VVg 

VV 

Approx. 

(fis) 

(kJ/ps) 

Work  Rate 
(kJ/ps) 

Impact  Velocity: 

1 .5  km/s 

0.62 

20  0.602 

0.115 

0.717 

40  0.586 

0.101 

0.687 

60  0.545 

0.081 

0.626 

Impact  Velocity: 

3.0  km/s 

4.7 

10  4.29 

4.35 

4.72 

20  4.41 

5.22 

4.93 

Impact  Velocity:  4.5  km/s 

16. 

***lt  is  cimvcnicnl  lo  use  ihc  impact  vetocily  as  the  controlling  measure,  particularly  since  the  impact  velocity  is  the  quantity  measured 
cxpcrinicnUiily.  However,  it  is  the  penetration  vcliK'ily — a  funelion  of  the  densities  and  strengths  of  the  projectile  and  target  tnalcnals.  and 
the  iiiipaci  velocity — that  is  tlie  controlling  factor  on  the  pressure. 
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target  and  projectile  is  proportional  to  v„’  since  the  length  scales  and  materials  remain  constant.  (The  same  scaling 
relationship  can  be  determined  from  multiplying  the  energy  density  of  the  projectile  by  the  velocity.)  The  total  rates 
of  work  done  on  the  target,  given  in  Table  6.  are  reasonably  consistent  with  this  trend.  Although  the  total  work  rate 
scales  as  v„\  the  individual  terms,  in  general,  do  not. 

We  can  u.se  the  form  of  Eq.  (9)  to  present  an  arguiiien!  of  why  the  normalized  extent  of  the  plastic  zone  decreases  with 
impact  velocity.  The  IV',  term  in  Eq.  (9)  contains  both  elastic  and  plastic  work  rates,  but  the  work  done  by  the  stress 
deviators  is  limited  by  the  yield  stress  in  the  target,  and  thus  tends  to  keep  the  work  per  unit  volume  due  to  plastic  flow 
approximately  constant,  i.e.,  independent  of  velocity.  (Foraviscoplastic  material,  there  is  a  slight  velocity  dependence.) 
Thus,  the  portion  of  the  work  done  by  the  stress  deviators  s,^  in  plastic  flow  scales  approximately  as  v,  of  course, 
.scales  as  v„'.  Therefore,  the  plastic  work  rate  per  unit  volume  scales  approximately  as  v„'  “.  The  scaling  for  volume 
is  somewhere  between  v„'  (momentum  scaling)  and  (kinetic  energy  scaling).  At  lower  impact  velocities,  the  first 
power  generally  appears  more  applicable;  at  very  high  velocities  (greater  than  3.0  km/s),  the  exponent  seems  to  be 
closer  to  2.  For  the  purposes  here,  we  will  take  an  exponent  of  1 .5.  As  a  consequence,  the  plastic  work  rate  per  unit 
volume,  when  multiplied  by  the  volume  of  the  plastic  zone,  should  scale  approximately  as  v„’^  (the  data  in  Table  6 
are  also  reasonably  consistent  with  this  assertion,  suggesting  the  appropriate  exponent  for  the  velocity  scaling  of  li^j 
is  about  2.2).  Since  the  total  plastic  w'ork  per  unit  volume  is  approximately  velocity  independent,  the  extent  of  plastic 
zone  should  scale  as  i.e.,  a  relatively  weak  dependence  on  the  velocity. 

Many  analytical  models  of  penetration  (e.g..  Walker  and  Anderson,  1992)  employ  the  extent  of  plastic  zone  normalized 
by  the  crater  radius  in  their  formulations.  Therefore,  it  is  also  of  interest  to  determine  how  this  normalized  extent  of 
plastic  zone  scales  with  impact  velocity.  For  purposes  of  determining  this  relationship  we  need  to  know  how  the  crater 
radius  varies  with  impact  velocity.  A  function  of  the  forni/?./D  =  nv„“is  used  to  describe  the  crater  radius  as  a  function 
of  impact  velocity  (other  functional  forms  for  the  curve  fit,  such  as  a  parabolic  fit  in  the  velocity,  provide  better 
agreement  with  the  data,  but  in  order  to  estimate  the  velocity  scaling  we  are  restricted  to  the  functional  form  listed 
above).  Experimental  data  for  the  radii  of  craters  from  tungsten-alloy  projectiles  into  hard  steel  targets  (Anderson, 
Morris,  and  Littlefield,  1992)  were  used  to  obtain  the  exponent «;  w  was  found  to  be  0.65  for  impact  velocities  between 
1 .0  and  3.0  km/s.  This  is  in  excellent  agreement  with  an  exponent  calculated  from  the  numerically  determined  crater 
radii  listed  in  Table  1 .  Therefore,  since  the  extent  of  plastic  zone  scales  approximately  as  v„“  ',  the  normalized  extent 
of  plastic  zone  should  scale  as  v„''"'.  Results  of  the  numerical  simulations  show  that  the  normalized  extent  of  the 
plastic  zone  scales  as  v„  ''’’  (Table  3).  The  agreement  is  reasonably  good  considering  the  approximations  to  find  the 
first-order  dependence  of  the  velocity.  What  is  important  is  that  the  extent  of  the  plastic  zone  does  not  grow  as  rapidly 
as  the  crater  radius  with  impact  velocity. 

It  was  noted  in  Fig.  1 1  that  R,  computed  from  the  steady-state  portion  of  penetration  decreased  with  increasing  impact 
velocity.  The  growth  of  the  plastic  zone  in  the  target  is  a  weaker  function  of  velocity  than  the  growth  of  the  crater, 
thus,  the  normalized  extent  of  the  plastic  zone  decreases  with  velocity.  The  target  resistance  is  directly  proportional 
to  the  normalized  extent  of  the  plastic  zone.  This  suggests  another  reason  why  R,  decreases  with  increasing  impact 
velocity. 

F/icrgy  Partitioning.  Although  Eq.  (8)  provides  the  rate  at  which  energy  is  entering  into  the  target,  it  does  not  address 
the  question  of  how  the  energy  is  distributed  between  internal  and  kinetic  energy  within  the  target  volume.  Equation 
(8)  can  be  rewritten  using  the  momentum  equation  (e.g.,  see  Anderson,  1987).  This  gives: 


=  -P- 


D{v,v,)  dv, 


dt 


+  .1  D' 

'j  'j 


+  s„D': 


(10) 


The  rate  of  deformation  tensor  D,^,  '-{dvjdx^  -i-  d\/d.x,) ,  has  also  been  separated  in  the  elastic  and  pla.stic  ptu-ts  (su¬ 
perscript  e  andp,  respectively).  The  first  term  is  the  time  rate  of  change  of  kinetic  energy  per  unit  volume  of  the  target. 
The  second  and  third  terms  repre.seni  the  rates  of  ckistic  compression  and  deformation,  and  the  last  term  is  the  rate  of 
dissipative  (plastic)  deformation.  The  last  three  terms  together  represent  changes  to  the  internal  energy  of  the  system. 

Equation  (10)  has  been  integrated  numerically  over  the  volume  and  time  to  give  the  kinetic  and  internal  energies  as  a 
function  of  time  for  the  1.5,  3,0  and  4,5  m/s  impact  cases.  The  results  are  shown  in  Fig.  13.  Four  curves  are  shown 
in  each  subfigure.  One  curve  repre.sents  the  kinetic  energy  of  the  projectile,  and  in  all  cases,  the  kinetic  energy  of  the 
projectile  decreases  approximately  linearly  with  time  since  the  length  of  the  projectile  is  decreasing  linearly  with  time. 
The  projectile  kinetic  energy  is  tran.sferrcd  to  internal  energy  of  the  projectile,  and  internal  and  kinetic  energy  of  the 
target.  The  initial  kinetic  energy  and  the  final  internal  energies  for  the  three  impact  cases  are  given  in  Table  7.  (It 
might  be  noted  that  the  third  and  fourth  columns  do  not  sum  exactly  to  the  initial  kinetic  energy.  There  is  a  small 
amount  of  residual  kinetic  energy  in  the  target,  which  increases  with  impact  velocity.  There  is  also  approximately 
1 .7%  of  the  initial  kinetic  energy  lost  through  the  computational  boundaries  for  each  problem.  These  two  quantities 
make  up  the  difference  between  the  original  kinetic  energy  of  the  projectile  and  the  sum  of  the  internal  energies  of  the 
projectile  and  target.)  If  the  final  internal  energy  from  the  projectile  is  subtracted  from  the  initial  kinetic  energy  of 
the  projectile,  the  rate  of  energy  transferred  to  the  target  can  be  estimated  easily  because  of  the  linear  decay  in  projectile 
energy.  These  values  are  listed  in  the  last  column  of  Table  6;  these  agree  very  well  with  the  values  calculated  from 
Eq.  (9).  Exact  agreement  is  not  expected  since  Eq.  (9)  provides  the  instantaneous  rate,  while  the.se  last  numbers 
represent  average  values. 

The  final  internal  energy  within  the  projectile  is  approximately  independent  of  the  impact  velocity,  particularly  in 
relation  to  the  increa.se  in  internal  energy  of  the  target.  The  internal  energy  of  the  projectile  represents  29%  of  the 
energy  dissipated  at  1.5  km/s,  but  only  a  little  over  4%  of  the  energy  dissipated  at  4.5  km/s.  For  the  most  part,  the 
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Table  7.  Energy  Partitioning 


Impact 

Velocity 

(km/s) 

Initial 

Kinetic 

Energy 

(kJ) 

Final 

Internal 

Energy 

Projectile 

(kJ) 

Final 

Internal 

Energy 

Target 

(kJ) 

1.5 

82.4 

23.6 

57.3 

3.0 

330. 

25.8 

295. 

4.5 

742. 

30.5 

681. 

increase  in  the  kinetic  energy  of  the  projectile  as  the 
impact  velocity  goes  from  l.Skm/s  to  4.5  km/s  is 
ultimately  absorbed  as  internal  energy  of  the  target. 
However,  as  the  velocity  increases,  more  and  more  of 
the  energy  is  temporarily  stored  as  kinetic  energy  of 
the  target. 

The  kinetic  energy  that  the  target  achieves  is  very 
dependent  upon  the  impact  velocity.  It  is  this  obser¬ 
vation  that  explains  the  large  residual  penetration  at  the 
higher  impact  velocities.  At  1 .5  km/s,  the  kinetic 
energy  of  the  target  is  never  very  large,  but  at  4.5  km/s, 
the  kinetic  energy  in  the  target  is  greater  than  that  in 
the  remaining  projectile  after  approximately  33  (is. 
After  approximately  45  /is,  the  projectile  has  essen¬ 
tially  eroded,  but  considerable  kinetic  energy  remains 
in  the  target.  This  kinetic  energy  is  ultimately 
converted  to  internal  energy  of  the  target  (and  this 
occurs  fairly  linearly  with  time).  Thus,  the  kinetic 
energy  plot  confirms  that  the  deeper  penetrations  at 
higher  velocities  are  due  to  the  target  material  having 
been  put  in  motion. 
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ABSTRACT 

The  development  of  pulsed  holography  has  two  principal  objectives.  The  first  objective  is  to  quantify  the  three 
dimensional  characteristics  of  hypervelocity  impact  events,  and  the  second  is  to  provide  a  diagnostic  with  the  ability 
to  capture  high  fidelity  information  for  the  validation  of  sophisticated  three-dimensional  hydrocodes.  The 
holographic  image-capturing  subsystem  uses  a  Q-switched,  seeded,  frequency-doubled  Nd-YAG  laser  which 
produces  5  ns,  750  mJ.  coherent  pulses  at  532  nm.  Holographic  images  have  been  captured  of  the  back-surface 
debris  bubble  from  4  km/s  perforating  impacts  and  crater  ejecta  from  2  km/s  non-perforating  impacts.  A  prototype 
holographic  reconstruction  and  image  analysis  subsystem  has  been  assembled  that  provides  the  ability  to  measure 
both  the  spatial  distribution  of  particles  and  the  morphology  of  individual  particles  produced  in  a  hypervelocity 
impact  event.  The  demonstrated  image  resolution  of  this  system  is  20  pm;  however,  higher  resolutions  are  possible 
with  magnification  optics. 


INTRODUCTION 

Pulsed  holography  is  a  significant  advance  in  state-of-the-art  hypervelocity  impact  diagnostics.  Unlike  conventional 
holography,  which  uses  exposure  times  on  the  order  of  seconds,  pulsed  holography  utilizes  high-power  pulsed  lasers 
to  provide  exposure  times  on  the  order  of  nanoseconds.  These  short  pulse  durations  are  required  to  "freeze"  the 
motion  of  impact-generated  fragments  and  debris.  Aside  from  these  very  short  exposure  times,  pulsed  holography  is 
similar  to  conventional  holography.  TTiis  section  describes  the  background  for  the  development  of  pul.sed 
holography,  and  following  sections  discuss  how  pulsed  holographic  images  of  hypervelocity  impact  events  are 
formed  and  captured.  The  critical  issue  for  the  practical  application  of  pulsed  holography  is  the  development  of 
holographic  image  analysis  techniques.  This  issue  is  addres.sed  in  the  last  .sections  on  image  recon.struction  systems 
and  image  resolution  limits. 

Benefits  of  Pulsed  Holography 

The  key  technical  advances  of  pulsed  holography  include  the  ability  to  collect  three-dimensional  information  about 
the  distribution,  shape  and  orientation  of  hypcrvelocity  impact-generated  fragment  clouds,  and  the  ability  to  quantify 
the  characteristics  of  very  small  fragments  without  the  depth-of-focus  restriction  of  conventional  microscopy.  The 
ability  to  capture  the  three-dimensional  features  of  a  hypervelocity  impact  event  makes  pulsed  holography  a 
powerful  tool,  especially  for  the  validation  of  three-dimensional  hydrocodc  .simulations  and  fragmentation  models. 
The  development  of  these  computational  and  analytical  models  is  closely  linked  to  the  ability  to  compare  model 
predictions  to  test  results.  With  the  advent  of  sophisticated  three-dimensional  hydrocodes,  these  computational  tools 
are  progressing  beyond  the  ability  of  conventional  imaging  techniques  to  provide  the  necessary  information  for  code 
validation.  Pulsed  holography  has  the  potential  to  establish  a  diagnostic,  and  by  extension,  validation  capability 
commensurate  with  the  power  of  these  three-dimensional  hydrocodes. 


*This  work  performed  at  Sandia  National  Laboratories  and  supported  by  the  U.  S.  Department  of  Energy  under  contract  DE-AC04- 
76DP(X)789. 
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Hyper  velocity  Impact  Events  of  Interest 

The  two  types  of  hypervelocity  impact  events  that  can  be  studied  with  pulsed  holography  are  perforating  and  non- 
perforating  impacts.  Perforating  impacts  lead  to  debris  cloud  formation,  where  the  debris  cloud  can  consist  of  a 
mixture  of  solid  fragments,  liquid  droplets,  and/or  vapor  products.  Non-perforating  impact  events  produce  crater 
ejecta  and  jet  breakup.  The  study  of  the.se  impact  events  has  several  applications,  including  understanding  the 
formation  and  dispersal  of  back-armo-  debris  for  achieving  survivability  or  lethality  performance,  studying  strategic 
kinetic  energy  weapon  lethality,  and  developing  advanced  debris  shield  designs  to  improve  the  survivability  of 
aerospace  systems.  The  solution  to  these  problems  requires  the  characterization  of  such  factors  as  the  extent, 
orientation  and  distribution  of  mass  in  a  cloud  of  impact-generated  fragments;  the  solid,  liquid  or  vapor  state  of 
particles  in  an  impact  cloud:  the  shape,  size,  velocity  and  number  of  individual  fragments;  or  the  breakup  of 
hypervelocity  impact-formed  jets  into  discrete  fragments.  For  impact  events  with  cylindrical  symmetry,  two- 
ditnensional  tools  may  be  sufficient;  however,  for  non-.symmetric  impacts,  three-dimensional  computational  and 
experimental  capabilities  are  generally  required. 

Present  Imaging  Techniques 

Hypervelocity  impact  tests  typically  use  conventional  imaging  tools  such  as  flash  X-rays,  pulsed  laser  photography, 
and  high  speed  photography  with  either  rotating  prism  cameras  or  image-converter  cameras.  The  use  of  these 
imaging  diagno.stics  and  their  application  to  hypervelccity  impact  testing  has  been  described  in  the  literature  (Swift, 
and  Isbell,  1987).  Unfortunately,  with  the  exception  of  stereo  photography,  conventional  imaging  techniques 
are.  by  their  nature,  two  dimensional.  Therefore,  they  are  unable  to  capture  a  significant  portion  of  the  information 
that  is  predicted  by  three-dimensional  hydrocodes.  Even  stereo  photography  is  subject  to  particle  shadowing  and 
masking  that  can  limit  impact  event  characterization.  Conventional  imaging  techniques  have  practical  resolution 
limits  of  about  200  pm  either  through  a  depth  of  focus  constraint  which  restricts  the  practical  image  magnification, 
or  the  resolution  capability  of  flash  x-ray  cassettes.  As  noted  above,  one  of  the  primary  motivations  for  the 
development  of  pulsed  holography  is  to  move  beyond  these  limits  and  provide  high  fidelity  information  about  the 
three-dimensional  features  of  an  impact  event. 

Conventional  holograms  typically  image  .static  objects  and  require  vibration  isolation  tables  to  limit  motion  of  the 
object  and  optical  components  to  less  than  a  fraction  of  the  wavelength  of  the  illuminating  laser  light  source.  This 
motion  constraint  is  necessary  for  the  formation  of  the  constructive  and  destructive  wave  interaction  that  produces 
interference  fringes  on  the  holographic  plate.  If  the  object  moves  more  than  a  fraction  of  a  wavelength  during  the 
duration  of  the  laser  exposure  these  interference  fringes  are  lost  and  with  it  the  holographic  image  of  the  object. 
However  there  is  an  exception,  whereby  an  object  that  moves  many  multiples  of  the  laser  wavelength  during  the 
pulse  duration  can  form  "shadowgraphic"  hologram  images.  The  topic  of  this  paper  is  this  exception  and  how  it 
provides  a  key  advance  over  conventional  hypervelocity  impact  imaging  techniques. 


MEASUREMENT  OBJECTIVES 

There  are  several  measurements  that  can  characterize  an  impact  event.  For  these  different  measurements  a  spectrum 
of  resolution  requirements  may  be  defined.  For  example,  an  impact  event  can  be  characterized  with  macroscopic 
measurements  to  describe  the  overall  spatial  distribution  of  material  resulting  from  an  impact  event.  In  the  same 
event,  microscopic  measurements  can  focus  on  the  impact-generated  particles,  their  shape  and  volume;  their  state, 
solid,  liquid  or  vapor;  and  for  solid  particles  (fragments)  their  "roughness"  or  fractal  dimension  (Mandelbrot,  1983). 
There  are  a  number  of  other  measurements  that  can  fall  between  these  macroscopic  and  microscopic  regimes,  such 
as  the  total  number  of  particles  generated,  their  size  distribution,  and  their  velocities. 

These  measurements  place  different  accuracy  requirements  on  t!ie  hologram  analysis  and  tolerances  for  the 
holographic  layout  Accuracy  requirements  for  a  given  property  measurement  may  be  obtained  by  examining  the 
resolution  limits  for  computational  and  analytical  predictions  of  that  property.  Assuming  a  typical  debris  bubble 
cross-section  of  100  mm,  the  accuracy  requirement  for  macroscopic  dimensions  of  impact-generated  structures  may 
be  to  within  1  mm.  In  the  intermediate  regime  of  holographic  measurements,  particle  sizes  and  velocities  may 
require  resolution  to  withm  100  nm.  Finally  in  the  microscopic  measurement  regime,  to  determine  the  particle 
shape,  state  or  fractal  dimensions  may  require  resolutions  of  better  than  10  )im.  This  spectrum  of  resolution 
requirements  is  illustrated  in  Table  1.  Precise  repositioning  of  the  holographic  plate  and  reference  beam  geometry  is 
required  to  achieve  these  accuracies  of  better  than  100  nm. 


PULSED  LASER  HOLOGRAMS 

The  promise  of  pulsed  holography  for  ballistic  diagnostics  was  revealed  by  LTV  Missiles  and  Electronics  Group  in  a 
scries  of  tests  with  a  small  powder  gun  (Hough,  et  ai.  1990).  The  key  breakthrough  by  Hough  and  his  colleagues 
was  the  demonstration  of  the  ability  to  holographically  capture  information  on  fragments  that  nove  a  distance  that  is 
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Table  1 :  Holographic  Measurement  types  and  Estimated  Resolution  Requirements 
To  Characterize  a  (100  mm)^  Hypervelocity  Impact  Event 


Macroscopic 

(~1000  urn  resolution) 

Intermediate  Regime 

(-100  pm  resolution) 

Microscopic 

(-10  pm  resolution) 

Debris  Bubble 

Number  of 

Particle 

Envelope  and  Structure 

Particles  Generated 

Shape  &  Volume 

Crater  Ejecta 

Particle 

Particle  State: 

Envelope  and  Structure 

Size  Distribution 

Solid,  Liquid,  or  Vapor 

Particle 

Particle 

Particle  Roughness: 

Position 

Velocity 

Fractal  Dimension 

many  times  the  was  elength  of  the  laser  light  during  a  pulse  duration.  For  example,  1  km/s  particles  move  30  pm 
along  the  velocity  vector  during  a  30  ns  laser  pulse.  While  this  distance  is  small  with  respect  to  macroscopic 
dimensions,  it  is  more  than  one  hundred  times  the  wavelength  of  visible  laser  light.  This  motion  prevents  the 
formation  of  a  direct  hologram  of  the  impact-generated  particles,  but  the  particles  can  still  be  characterized.  The  key 
is  the  use  of  a  stationary  backsheet,  above  which  the  outline  of  the  particles  appear  as  floating  shadows. 

The  LTV  system  used  a  pulsed  ruby  laser  to  produce  a  30  ns,  300  mJ  pulse  at  694  nm.  A  ruby  laser  offers  several 
operational  advantages  including  the  ability  to  easily  single-pulse  the  laser  with  an  external  trigger,  the  stability  to 
provide  reliable  spatial  and  temporal  beam  coherence,  and  relatively  low  cost.  However  there  are  also  a  number  of 
disadvantages  to  ruby  lasers.  The  primary  disadvantages  are  that  it  is  not  possible  to  operate  a  ruby  laser  in  a 
continuous  wave  mode  for  the  reconstruction  system  and  the  pulse  duration  is  relatively  long  for  freezing  the  motion 
of  particles  produced  in  a  hypervelocity  impact  event.  If  a  different  wavelength  laser  such  as  a  helium-neon  is  used 
for  continuous  wave  reconstruction,  the  resulting  image  is  useful  for  qualitative  viewing,  however  it  introduces  a 
non-linear  scale  shift  that  complicates  quantitative  image  analysis. 

Another  pulsed  laser  that  is  used  for  holography  is  a  frequency-doubled  Nd-YAG  laser.  There  are  a  number  of 
pulsed,  seeded,  doubled  Nd-YAG  lasers  available  that  produce  5  ns.  750  mJ.  coherent  pulses  at  532  nm.  These  lasers 
are  more  complex  and  expensive  than  a  pulsed  ruby  laser,  but  diode-pumped,  doubled  Nd-YAG  lasers  are  available 
that  can  provide  a  continuous  wave  monochromatic  light  source  for  use  in  a  quantitative  reconstruction  system. 
Because  these  continuous  wave  lasers  produce  the  same  532  nm  wavelength  as  the  pulsed  lasers,  no  scale  shifts  are 
introduced  that  can  complicate  the  quantitative  image  analysis.  For  pulsed,  high  coherence  Nd-YAG  systems,  the 
seed  laser  is  a  small  diode-pumped  Nd-YAG  laser  that  provides  a  reference  oscillator  cavity  to  increase  coherence 
length  of  the  main  la.ser  cavity.  While  ruby  lasers  arc  available  with  pulse  energies  of  2  to  3  J,  holographic  films  are 
inherently  more  sensitive  to  the  "green"  doubled  Nd-YAG  at  532  nm  than  to  the  "red"  ruby  at  694  nm.  A  major 
disadvantage  to  the  use  of  a  doubled  Nd-YAG  laser  is  the  complex  triggering  system  that  is  required  to  obtain  a 
reliably  coherent,  single  pulse  at  the  right  time.  This  disadvantage  is  offset  by  the  ability  to  use  the  same  wavelength 
for  a  continuous  wave  quantitative  image  reconstruction  system.  Based  on  these  considerations,  the  Sandia  National 
Laboratories  pulsed  holography  system  utilizes  a  Q-switched,  seeded,  doubled  Nd-YAG  pulsed  laser  to  capture 
"shadowgraphic"  holograms,  and  a  diode-pumped,  doubled  Nd-YAG  laser  for  quantitative  reconstruction. 


TEST  CONHCURATION 

This  section  summarizes  the  experimental  setup  that  has  been  used  for  the  development  of  a  pulsed  holography 
hypervelocity  impact  diagnostics  system  at  Sandia  National  Laboratories.  The  integration  of  the  laser  triggering 
subsystem  into  a  the  gun  control  circuits  for  a  small  (12.7  mm  diameter  launch  tube),  two-stage  light-gas  gun  was  a 
key  engineering  accomplishment  TWo  different  optical  layouts  that  have  been  used  to  capture  images  on 
holographic  plates.  Optical  layout  design  balances  the  need  for  high  image  resolution  with  protection  of  these  glass 
plates  from  both  impact-generated  debris  and  potential  fogging  from  impact  flash.  On  all  tests  a  pair  ot  open  utter 
cameras  equipped  with  line  filters  provide  supplementary  diagnostics. 

Gun  /  Laser  Synchronization  and  Triggering  Subsystem 

The  main  component  of  our  pulsed  holography  system  is  a  Continuum  model  NY-82  frequency-do  \  -  'i  AG 
laser  with  a  model  S1-5(X)  injection  seed  laser.  As  noted  above,  this  type  of  laser  was  selected  after  Lonsidenng  a 
number  of  trade-offs  with  ruby  lasers.  The  major  disadvantage  of  using  an  Nd-YAG  laser  is  the  increased 
operational  complexity  of  a  subsystem  to  trigger  and  generate  a  coherent  laser  pulse  at  the  correct  time.  For  thermal 
stability,  and  to  maintain  clo.sed-loop,  frequency-locked  coupling  of  the  seed  la.ser  to  the  main  Nd-YAG  o.scillator 
cavity,  the  la.ser  requires  continuous  pulsing  at  a  10  Hz  rate  up  to  the  desired  shot  time.  Unfortunately  the  powder 
bum-time  jitter  of  a  two-stage  light-gas  gun  prevents  using  the  laser  to  trigger  the  gun. 
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Figure  I.  Schematic  diagram  of  the  gun-laser  synchronization  and  triggering  subsystem. 
The  principal  components  include  the  MAVIS  projectile  sensing  coils,  the  proportional 
delay,  and  the  shutter/beam  step. 


The  following  is  a  description  of  the  subsystem  for  triggering  the  pulsed  Nd-YAG  laser  after  an  impact  event  to 
within  a  micro-second  of  accuracy.  An  external  circuit  triggers  the  laser  at  a  10  Hz  rate  in  order  to  maintain  laser 
coherence  length.  This  circuit  provides  a  trigger  to  the  flash  lamps  that  optically  pump  the  Nd-YAG  laser  cavity. 
Approximately  200  [as  later  a  second  trigger  is  sent  to  the  Q-switch  and  seed  laser  to  generate  the  laser  pulse.  These 
triggers  are  repeated  at  a  10  Hz  rate  until  an  interrupt  signal  is  received  just  before  the  gun  is  fired.  An  aluminum 
shutter/beam  stop  blocks  the  stream  of  750  mJ  laser  pulses  to  prevent  fogging  and  over-exposure  of  the  holographic 
plate. 

When  the  gun  fire  button  is  pressed  a  number  of  actions  occur  prior  to  the  actual  firing  pin  release.  First,  an  interrupt 
trigger  is  sent  to  the  external  10  Hz  pulsing  circuit.  Second,  the  shutter/beam-stop  is  moved  out  of  the  optical  path 
into  the  impact  chamber,  and  third,  the  laser  flash  lamp  capacitors  are  charged  and  held.  Then  the  gun  firing  pin  is 
released,  the  projectile  is  launched,  the  sabots  are  stripped  in  the  flight  range,  and  the  impactor  to  flies  through  a 
MAVIS  coil  station  placed  a  known  distance  from  the  target  (Moody  and  Konrad,  1984).  The  MAVIS  provides  a 
two-point  measurement  of  the  impactor  velocity  and  is  used  with  a  proportional  delay  to  trigger  the  Q-switch  and 
pulse  the  laser  at  the  desired  time  after  impact  In  addition,  the  MAVIS  provides  a  timing  point  for  triggering  the 
flash  lamps  from  200  to  500  ps  prior  to  the  Q-switch  trigger.  A  simple  schematic  diagram  of  this  system  is  shown  in 
Fig.  1. 

Holographic  Layouts 

Two  different  optical  layouts  that  use  holographic  plates  have  been  used  to  capture  holographic  images  of 
hypervelocity  impact  events.  The  first  layout  is  a  flat  plate  geometry  that  is  analogous  to  the  cylindrical  geometry 
that  was  originally  developed  by  LTV.  Figure  2  illustrates  our  layout  of  this  geometry.  While  the  cylindrical 
geometry  used  by  LTV  produced  dramatic  images  with  the  ability  to  examine  the  debris  cloud  from  a  full  180 
degrees  of  view,  this  geometry  is  obtained  with  film-based  holographic  media.  Because  our  effort  has  a  primary 
objective  of  obtaining  quantitative  information  from  an  analysis  of  the  holographic  images,  better  dimensional 
stability  is  required  than  can  be  provided  with  film.  In  order  to  achieve  measurement  accuracies  that  are  better  than 
1 00  pm.  flat,  glass  plate  holograms  are  required  to  accurately  reproduce  initial  reference  beam  geometries. 

The  use  of  flat  plate  holographic  media  led  to  the  development  of  an  improved  layout  shown  in  Fig.  3.  This  figure 
shows  the  layout  of  optical  components  in,  and  open  shutter  cameras  above  the  impact  chamber  from  a  perspective 
looking  back  towards  the  gun.  In  contrast  to  the  geometry  in  Fig.  2,  this  layout  has  the  benefits  of  using  the  central 
and  most  intense  portion  of  the  beam,  and  eliminating  the  front  surface  mirror  from  the  impact  chamber  that 
generates  additional  .secondary  debris  which  can  damage  the  holographic  plate.  An  additional  benefit  of  this  layout 
is  the  ability  to  capture  holographic  images  of  non-penetrating  or  cratering  impact  events.  For  these  types  of 
impacts,  the  thick  target  is  positioned  by  the  downstream  edge  of  the  translucent  backsheet  and  holography  plate  in 
(irder  to  image  the  cratering  ejecta  that  is  thrown  back  from  the  target  surface.  Important  supplementary  diagnostics 
used  for  these  tests  are  open-shutter  stereo  cameras  equipped  with  532  nm  line  filters.  Both  layouts  provide  a  clear 
view  from  above  for  open  shutter  cameras.  Figure  3  also  illustrates  a  set  of  3  datum  pins  (from  this  view  one  is 
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Figure  2.  Schematic  diagram  of  flat  plate  analog  to  LTV  holography  layout. 

hidden),  that  are  used  as  fiducials  to  establish  the  shot  line  direction  and  the  horizontal  plane  perpendicular  to  the 
film  and  grid  surfaces. 

The  holographic  media  used  in  these  tests  are  Agfa  8E56-NAH  or  Ilford  SP  695T  (102  x  127  mm)  glass  plates.  For 
dimensional  precision  glass  plates  are  preferable  to  plastic  film  emulsion  media;  however  unless  steps  are  taken  to 
protect  the  glass,  they  are  subject  to  the  risk  of  breakage  from  secondary  impacts.  A  modest  amount  of  protection  is 
provided  by  placing  the  holographic  plate  in  a  liquid  gate.  A  liquid  gate  is  a  flat-walled  tank  with  high-quality 
optical  windows  that  is  used  to  reduce  the  sensitivity  of  the  holographic  imaging  process  to  non-uniformities  in  the 
plate  and  thickness  (Goodman,  1968).  This  tank  is  filled  with  an  appropriate  index  of  refraction  matching  fluid  to 
reduce  internal  reflections.  But  this  apparatus  has  the  additional  benefit  of  providing  improved  protection  for  the 
holographic  plate  and  reducing  potential  fogging  from  impact  flash. 


Figure  3.  Schematic  diagram  of  improved  flat  plate  holography  layout.  Perspective  is 
from  the  impact  chamber  looking  towards  the  gun. 
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Translucent  Backsheet 


^Holographic  Plate 


Fif^ure  4.  Open  shutter  photograph  of  the  4.22  kmis  impact  of  a  6.35  mm  steel  ball  through  a 
n.63  mm  .steel  sheet  22  ms  after  impact  with  a  time-integrated  image  of  an  impact  flash.  The 
holographic  plate,  translucent  backsheet  and  datum  pins  are  also  clearly  shown  in  this 
photograph. 

Figure  4  shows  an  open-shutter  camera  photograph  from  the  impact  of  a  6.35  mm  steel  sphere  through  a  0.63mm 
steel  sheet  at  4.22  km/s.  In  this  test  the  laser  was  pulsed  approximately  22  ps  after  impact  of  the  sphere  on  the  sheet 
to  freeze  the  motion  of  hundreds  of  submillimeter-sized  steel  fragments.  As  indicated  in  Fig.  3,  this  open  shutter 
camera  has  a  view  into  the  impact  chamber  from  above.  Shown  at  the  top  of  the  photograph  is  the  translucent  grid 
sheet  and  just  below  this  sheet  are  the  three  datum  pin.s.  At  the  bottom  of  this  image  is  the  holographic  plate.  Also 
evident  in  this  photo  is  an  impact  flash  event.  This  test  was  not  successful  in  capturing  a  holographic  image  becau.se 
the  light  from  the  impact  flash  overexposed  the  holographic  plate.  Simple  shielding  techniques  were  used  to 
minimize  the  effects  of  impact  flash  in  a  repeat  of  this  impact  test. 

Several  hypervelocity  impact  events  have  been  holographically  imaged.  Table  2  summarizes  these  impact  events. 
The  impacts  of  steel  and  copper  spheres  through  plexiglas  sheets  provide  a  clean  breakup  of  the  sphere.  Similar 
impacts  with  flash  x-ray  diagnostics  indicate  that  most  of  the  metallic  sphere  remains  in  a  tightly  grouped  cloud  of 
fragments  around  the  initial  .sphere  trajectory.  The  impact  of  a  steel  sphere  into  a  steel  sheet  results  in  a  debris 
bubble  of  fine  steel  fragments  as  .shown  in  Fig.  4.  Figures  5  and  6  are  open  shutter  photographs  from  the  copper  into 
plexiglas  shot  and  the  copper  into  copper  block  shot,  respectively.  The  cratering  impact  shown  in  Fig.  6  clearly 
shows  how  the  target  block  had  a  machined  step  cut  into  the  impact  face  of  the  block.  This  step  provided  protection 
for  the  holographic  plate  by  deflecting  the  crater  ejecta  that  would  have  been  thrown  towards  the  plate. 
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Table  2:  Impact  Events  Captured  with  Holographic  Images 


Impactor 

Velocity  (km/s) 

Target 

6.35  mm  Steel  Ball 

4.32 

1.3  mm  Plexiglas  Sheet 

6.35  mm  Steel  Ball 

4.22 

3.0  mm  Plexiglas  Sheet 

6.35  mm  Cu  Ball 

4.32 

1.3  mm  Plexiglas  Sheet 

6.35  mm  Steel  Ball 

4.22 

0.63  mm  Steel  Sheet 

6.35  mm  Cu  Ball 

1.99 

25.4  mm  Cu  Block  @  0° 

Figure  5.  Open  shutter  photograph  of  the  432  kmis  impact  of  a  635  mm  copper  ball 
through  a  13  mm  Plexiglas  sheet  144  after  impact. 


Figure  6.  Open  shutter  photograph  of  the  1.99  kmIs  impact  of  a  635  mm  copper  ball  into 
a  25.4  mm  copper  block  12  nj  after  impact. 
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HOLOGRAPHIC  IMAGE  RECONSTRUCTION  SYSTEMS 

The  pulsed  holograms  produced  in  this  study  arc  transmission  holograms  that  require  a  monochromatic  light  source 
to  reconstruct  the  holographic  image.  For  qualitative  viewing,  this  source  can  be  a  laser  with  a  diflferent  wavelength 
from  the  pulsed  laser  used  for  generating  the  hologram.  It  is  also  possible  to  use  different  optics  and  configurations 
for  the  reconstruction  beam.  Figure  7  is  a  photograph  of  our  system  for  qualitative  reconstruction  of  holographic 
images.  This  system  uses  a  small  continuous  wave  25  mW  diode-pumped  Nd-YAG  laser  operating  at  532  nm,  but  it 
departs  from  the  original  reference  beam  geometry  in  interests  of  packaging  a  portable  system. 


Figure  7.  Portable,  quantitative  holographic  image  reconstruction  system.  Arrows 
indicate  the  beam  path  through  the  collimating  and  beam  expanding  optics.  The 
reconstructed  image  is  viewed  above  the  black  rectangular  area. 


As  noted  previously,  if  the  same  wavelength  light  is  used  for  image  reconstruction,  it  is  possible  to  form  a 
reconstructed  image  with  no  length  scale  shifts.  To  achieve  the  high  levels  of  resolution  given  in  Table  1,  the 
original  reference  beam  must  be  accurately  reproduced.  A  prototype  image  analysis  subsystem  with  a  quantitative 
image  reconstruction  subsystem  has  been  assembled.  The  same  532  nm  laser  from  the  portable  qualitative 
reconstruction  subsystem  has  been  used;  however,  an  identical  reconstruction  beam  was  used,  including  the  impact 
chamber  port.  The  reconstructed  images  were  imaged  with  a  CCD  camera  having  768  by  493  active  pixels  and 
either  a  zoom  lens  with  a  focal  length  range  of  18  to  108  mm  or  a  matched  pair  of  achromat  1:1  image  transfer 
lenses.  This  CCD  camera  has  been  mounted  on  a  manual  three  axis  stage.  The  RS-170  analog  video  signals  from 
the  CCD  camera  have  been  digitized  with  a  commercial  image  processor  board  for  a  PC-compatible  computer  at  a 
resolution  of  640  by  480  pixels,  with  8  bits  intensity  resolution.  A  photograph  of  this  prototype  image  analysis 
subsystem  is  shown  in  Fig.  8. 

Figure  9  is  an  example  of  the  digitized  images  that  can  be  obtained  from  the  reconstructed  holographic  images  with 
the  image  processing  system.  This  set  of  images  is  from  the  same  impact  event  captured  with  an  open  shutter  camera 
photograph  shown  in  Fig.  5.  These  images  illustrate  the  ability  to  position  the  plane  of  focus  of  the  CCD  camera  at 
fragments  of  interest,  at  a  datum  pin,  or  at  the  backsheet.  The  image  in  the  lower  right  quadrant  shows  the  high 
degree  of  detail  that  is  revealed  when  the  optics  are  focu,sed  on  the  upper  edge  of  the  large  central  copper  fragment. 
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f  cS.  Photograph  of  the  prototype  quantitative  holographic  reconstruction  and  imagi 
processing  svstem. 
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f-igiirc  y.  Digitized  CCD  camera  images  of  the  reconstructed  hologram  from  the  4.J2 
knc's  impact  of  a  6J5  mm  diameter  copper  hall  through  a  1.4  mm  Plexiglas  sheet  144  |,u\ 
after  impact.  This  is  the  same  impact  event  shown  in  Fig.  F. 
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Central  Particle  Field,  Near  Focus  Central  Particle  Field,  Far  Focus 

Fif’ure  10.  Digitized  CCD  camera  images  of  the  reconstructed  hologram  from  the  4.22 
kmis  impact  of  a  6.35  mm  diam^’ter  1018  .steel  hall  through  a  3.0  mm  Plexiglas  sheet 
134  after  impact. 


The  images  shown  in  Fig.  10  illustrate  two  capabilities  that  the  analysis  of  pulsed  holograms  provide.  The  image  in 
the  upper  left  quadrant  is  a  wide  held  of  view  that  is  focu.sed  on  the  impact-fragmented  steel  particles.  Also  shown 
are  the  out  of  focus  datum  pins  and  backsheet.  The  arrow  points  to  a  .small  particle  oclow  the  center  of  the  fragment 
held.  The  image  in  the  upper  right  quadrant  is  the  digitized  image  of  this  fragment  using  1:1  image  transfer  optics. 
The  waist  of  this  fragment  is  approximately  350  pm  in  thickness.  The  two  images  in  the  lower  quadrants 
demonstrate  the  ability  to  use  depth  of  focus  to  throw  particles  into  and  out  of  focus.  When  coupled  to  a  high 
precision  three  axis  stage,  a  narrow  depth  of  focus  provides  the  ability  to  accurately  determine  the  depth  position  for 
a  particle.  Particle  in  the  plane  of  focus  of  the  camera  can  then  be  located  in  the  horizontal  and  vertical  directions  by 
reading  positions  from  the  corresponding  axis  of  the  stages. 


HOLOfJRAPHIC  IMAGE  RESOLUTION  LIMITS 

There  are  several  factors  that  contribute  to  the  resolution  limit  of  the.se  pulsed  holographic  images.  These  factors 
include  the  velocity  of  the  particles,  laser  speckle  and  viewing  optics  resolution,  the  thickness  of  the  particles,  and 
the  resolution  of  the  CCD  camera.  Because  the  pulse  duration  is  nominally  5  ns,  there  is  a  velocity  blurring  effect, 
fhe  velocity  blurring  is  roughly  equal  to  the  product  of  the  pulse  width  of  the  laser  and  the  particle  velocity. 
Actually,  it  should  be  possible  to  estimate  the  particle  size  to  about  half  of  this  number;  so  the  axial  blurring 
resolution  limit  is  approximately  10  to  15  |im  for  5  km/.s  particle  velocities.  There  is  an  uncertainty  in  determination 
of  the  edge  position  of  a  particle.  This  is  due  to  a  coupling  of  laser  speckle  and  the  simple  resolution  limits  of  the 
viewing  lens  optics.  The  resolution  of  a  simple  lens  viewing  an  incoherently  illuminated  object  gives  a  blur  size 
diameter  of  1 .3(f/no.)-(pm).  The  speckle  phenomena  will  change  the  intensity  in  the  blurred  edge,  so  it  may  increase 
the  over  all  blurring  by  a  factor  of  two.  to  about  2.5(f/no.)-(nm).  For  example,  an  f/6  viewing  system  will  blur  the 
edges  by  about  15  pm.  Fortunately,  the  illumination  is  much  broader  in  angle  than  the  viewing  sy.stem;  in  general, 
this  factor  does  not  limit  the  re.solution.  Thick  particles,  with  significant  depth  parallel  to  the  direction  of  viewing 
can  increase  the  apparent  cross-section  of  the  fragments  in  some  circumstances.  This  effect  will  be  most  noticeable 
when  the  v  iew  ing  system  is  fa.st,  e.g.  f/2.  There  is  a  resolution  limit  imposed  by  the  CCD  camera  due  to  the  number 
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(if  pixels  in  the  CCD  array.  Assuming  a  baseline  high-resolution  1;!  image  transfer  optical  system  that  is  nominally 
a  .‘SOOx.'iOO  CCD  array  with  a  10  mm  by  10  mm  active  area.  Then  in  each  dimension,  a  pixel  represents  a  20  )am  by 
20  |im  area.  Of  cour.se,  to  improve  this  re.solution,  it  is  possible  to  use  a  design  with  increased  magnification  in  the 
image  transfer  optics.  If  a  smaller  image  volume  (e.g.  (25mm)^)  is  of  interest,  it  is  possible  to  use  magnification 
optics  such  as  microscope  objectives  or  lithography  lenses  between  the  holographic  plate  and  the  impact  event  to 
achieve  further  increases  in  resolving  power. 

The  image  resolution  of  this  pulsed  holographic  system  was  measured  with  a  standard  1951  Air  Force  resolution  test 
target  capable  of  measuring  resolutions  from  2000  pm  to  2  pm.  The  resolving  power  of  the  image  analysis 
subsystem  was  measured  by  using  the  1:1  image  transfer  optics  to  project  the  test  target  onto  the  focal  plane  of  the 
CCD  camera.  With  white-light  illumination,  a  resolution  of  12  pm  was  measured  for  the  image  analysis  subsystem. 
To  measure  the  resolution  of  the  image-capturing  subsystem,  a  hologram  was  made  of  the  stationary  resolution  test 
target.  By  viewing  this  hologram  with  the  image  analysis  subsystem,  resolutions  of  35  pm  for  the  Agfa  plates  and  20 
pm  for  the  Ilford  platen  were  measured.  This  re.solution  capability  does  not  account  for  the  velocity  blurring  effect  or 
the  uncertainties  introduced  by  the  thickness  of  particles,  but  it  does  account  for  the  blur  due  to  speckle  and  the 
resolution  of  the  image  capturing  and  image  reconstruction  processes.  The  velocity  blur  for  hypervelocity  particles 
is  expected  to  further  degrade  image  resolution.  Note  however,  that  velocity  blur  also  degrades  all  conventional 
imaging  techniques.  The.se  measurements  demonstrate  that  the  re.solution  capability  of  pulsed  holograms  can  be 
approximately  an  order  of  magnitude  greater  than  what  is  possible  with  convention'’’  imaging  techniques.  When  a 
lOx  microscope  objective  was  used  as  an  optical  magnifying  optic,  the  res(  ion  of  ..>c  image  analysis  subsystem 
was  measured  to  be  over  1  pm.  The  corresponding  measured  resolution  fo'  logram  was  3.5  pm.  The  trade-off 
for  this  technique  is  that  it  yields  a  field  of  view  of  about  19  mm  and  it  complii.^  '■s  the  ability  to  determine  the  depth 
location  of  a  particle.  Therefore,  it  is  most  applicable  for  tests  where  the  spatial  volume  of  interest  is  known  a  priori. 


FUTURE  EFFORTS 

This  pulsed  holography  development  effort  has  achieved  a  number  of  key  results.  Holographic  images  have  been 
captured  of  a  number  of  hypervelocity  impact  events,  including  perforating  and  non-perforating  impacts,  and  these 
holographic  images  have  been  digitized  with  a  prototype  image  analysis  system.  While  the  open  shutter  cameras  are 
a  supplementary  diagnostic,  the  analysis  of  the.se  photographs  with  existing  image  analysis  tools  will  provide  a 
validation  of  the  macroscopic  holographic  measurements. 

There  are  several  steps  that  can  still  be  taken  to  improve  image  resolution.  A  spatial  filter  can  be  added  to  the 
reference  beam  to  improve  the  beam  quality  and  uniformity.  The  pulsed  laser  can  be  replaced  with  a  similar 
frequency  doubled  Nd-YAG  laser  with  50  to  150  picosecond  pulse  duration  to  reduce  the  velocity  blurring  effect. 
Finally,  higher  quality  imaging  optics  can  be  used  to  increa.se  the  resolving  power  of  the  image  analy.sis  subsystem. 

The  quantitative  analysis  of  the  information  captured  in  these  holograms  can  be  achieved  through  different 
approaches.  The  next  step  in  analyzing  the  digitized  images  will  be  to  u.se  existing  image  processing  software  to 
define  particle  edges,  dimensions  and  areas.  Sophisticated  software  packages  are  also  capable  of  determining  such 
factors  as  the  image  centroids.  To  accurately  determine  the  location  of  impact-generated  particles  the  CCD  camera 
and  image  transfer  optics  will  .scan  the  image  volume  with  a  computer-controlled  three-axis  translation  stage  with  at 
least  one  axis  of  rotation. 

An  interesting  consideration  is  the  information  content  potential  of  these  holograms.  Assuming  the  holographic 
image  volume  is  (250  mm)^,  the  total  potential  image  volume  is  15.6x10^’  mm^  If  the  depth  of  focus  for  the  image 
transfer  optics  is  0.5  mm,  then  each  10  mm  x  10  mm  digitized  image  would  cover  a  volume  of  50  mm-^,  therefore  to 
completely  record  the  entire  image  volume,  more  than  300,000  images  would  be  required.  Of  course  most  of  these 
images  probably  would  not  contain  any  u.seful  information  so  sophisticated  data  handling  and  manipulating 
algorithms  would  be  useful.  This  example  indicates  the  need  for  applying  high  performance  computing  to  handle  the 
large  volumes  of  data  that  will  be  generated  in  the  analysis  of  holographic  images. 

Another  option  for  analyzing  the  data  in  these  holograms  will  be  to  take  .stereo  photographs  of  the  reconstructed 
holographic  image.  The.se  stereo  photograph  pairs,  like  the  initial  open-shutter  stereo  camera  photographs,  can  be 
analyzed  with  existing  stereo  image  analy.sis  tools  (Franke,  et  al.,  1991).  This  analysis  will  provide  cross-correlation 
for  the  macroscopic  measurements  of  an  impact  event. 
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CRITICAL  RESPONSE  OF  SHIELDED  PLATES  SUBJECTED  TO 
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ABSTRACT 

A  ballistic  limit  equation  for  hypervelocity  impact  on  thin  plates  is  derived  analytically.  This 
equation  applies  to  cases  of  impulsive  impact  on  a  plate  that  is  protected  by  a  multi-shock  shield, 
and  is  valid  in  the  range  of  velocity  above  6  km/s.  Experimental  tests  were  conducted  at  the 
NASA  Johnson  Space  Center  on  square  aluminum  plates.  Comparing  the  center  deflections  of 
these  plates  with  the  theoretical  deflections  of  a  rigid-plastic  plate  subjected  to  a  blast  load,  one 
determines  the  dynamic  yield  strength  of  the  plate  material.  The  analysis  is  based  on  a  theory  for 
the  expansion  of  the  fragmented  projectile  and  on  a  simple  failure  criterion.  Curves  are  presented 
for  the  critical  projectile  radius  versus  the  projectile  velocity,  and  for  the  critical  plate  thickness 
versus  the  velocity.  These  curves  are  in  good  agreement  with  curves  that  have  been  generated 
empirically. 


NOTATION 


r 

projectile  radius 

V 

Um 

projectile  velocity 

(To 

Pp 

projectile  mass  density 

a 

TUp 

projectile  mass 

\ 

D 

shield  spacing 

f hxv 

rrf 

1 

duration  of  rectangular  load 

P(<) 

Tl 

load  duration  on  backwall 

Pm 

R 

load  radius  on  backwall 

P 

K 

ratio  of  surface  densities 

P' 

K- 

lower  bound  for  K 

w 

2h 

backwall  thickness 

6 

a 

backwall  half-width 

6- 

c 

ratio  of  a  to  i? 

B 

c* 

lower  bound  for  c 

n 

P 

backwall  mass  density 

n* 

Poisson’s  ratio  of  backwall 
static  yield  strength  of  backwall 
dynamic  yield  strength  of  backwall 
ratio  of  <t  to  ctq 
impulse  on  the  backwall 
time-dependent  load  on  backwall 
maximum  value  of  P(t) 
dimensionless  load  based  on  Pm 
upper  bound  for  /r 
permanent  backwall  deflection 
dimensionless  backwall  deflection 
upper  bound  for  6 
scaling  factor 
backwall  deformation 
upper  bound  for  Q 
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INTRODUCTION 

Space  debris  and  meteoroids  of  various  sizes  may  impact  space  vehicles  at  relative  velocities  as 
high  as  70  km/s,  and  the  impacts  may  have  catastrophic  effects  on  the  integrity  of  the  vehicles. 
For  protection,  one  uses  dual-plate  shields  (Kinslow,  1970;  Zukas  ei  ai,  1982;  Rajendran  and 
Elfer,  1989)  or  multi-shock  shields  (Cour-Palais  and  Crews,  1990).  These  shields  shatter  the 
impacting  objects  into  fragments,  and  spray  the  fragmented  pieces  (solid,  molten,  or  vaporized  - 
depending  on  the  impact  conditions)  over  an  area  much  larger  than  that  of  the  cross-.section  of 
the  unshattered  object. 

In  this  paper,  we  derive  a  ballistic  limit  equation  for  hypervelocity  impact  on  thin  plates.  This 
equation  applies  to  cases  of  impulsive  impact  on  a  plate  that  is  protected  by  a  multi-shock  shield; 
it  is  valid  when  the  projectile  velocity  is  in  the  range  above  6  km/s,  and  when  the  area  of  the 
impact  zone  is  much  smaller  than  the  area  of  the  plate.  The  analysis  that  leads  to  the  ballistic 
limit  equation  (Eqn  (26)  below)  is  discussed  in  detail  in  the  following  sections.  For  convenience, 
we  reproduce  here  Eqn  (26)  in  the  form 

^  _  9Ap(J_+_/Q^ 

^0  t)h^  ’  2(1 -A')  ’ 

where  the  parameters  /\ ,  A,  fi,  and  C  take  the  values 

A  =  0.04,  A  =4.5,  /i  =  50,  C  =  219.4. 

The  parameters  Pp,  r,  and  Um  denote  the  mass  density,  the  radius,  and  the  velocity  of  the 
projectile;  h  and  o-q  are  the  half-thickness  and  the  static  yield  strength  of  the  plate;  D  is  the 
spacing  between  the  outer  sheet  of  the  multi-shock  shield  and  the  plate;  the  dimensionless  K 
measures  the  expansion  of  the  fragmented  projectile,  A  is  the  ratio  of  the  dynamic  yield  strength 
to  the  static  yield  strength  of  the  plate  material,  and  p  is  the  dimensionless  load  applied  to  the 
plate.  In  Eqn  (1),  the  two  groups  PpU^lffQ  and  r^/{Dh^)  are  dimensionless;  the  parameter  C  is 
also  dimensionles 

Equation  (1)  represents  a  relation  between  the  critical  values  of  the  parameters.  If  we  let  any  two 
of  the  parameters  pp,  Um,  <^o,  r,  D,  and  h  vary,  while  keeping  all  the  other  parameters  fixed,  we 
obtain  from  (1)  a  plane  curve.  The  curve  divides  the  plane  in  two  regions:  one  of  them  is  the  safe 
region,  and  the  other  is  the  failure  region. 

It  will  be  seen  beiow  that  Eqn  (1),  together  with  (2),  yields  niimerical  results  that  are  in  good 
agreement  with  those  obtained  from  the  empirical  equation  of  Christiansen  (1990,  1991).  Thus, 
E'qn  (1)  can  be  used  to  guide  further  experiments  and  shield  design  studies. 

In  a  previous  work,  Angel  and  Whitney  (1992)  were  able  to  obtain  a  ballistic  limit  equation  by 
using  a  simple  analytical  solution  for  the  permanent  deflection  of  a  rigid-plastic  beam.  Jn  tlii» 
work,  we  replace  the  beam  solution  by  a  plate  solution.  This  yields  Eqn  (1),  which  is  simpler  than 
the  previous  ballistic  limit  equation. 

To  arrive  at  Eqn  (1),  we  discuss  first,  in  the  next  .section,  the  plate  solution  of  Hopkins  and 
Prager  (1954).  This  solution  corresponds  to  a  simply  supported  circular  plate  uniformly  loaded 
over  its  entire  area  by  a  blast  load.  The  plate  is  made  of  a  rigid  perfectly-plastic  material.  We 
give  expre.ssions  for  the  permanent  deflection  of  the  plate  at  the  center.  Next,  we  compare  the 
theoretical  deflection  with  the  experimental  deflections  of  six  aluminum  square  plates  supplied 
by  the  Ilypervelocity  Impact  Test  Facility  of  NyVSA/JSC.  In  this  process,  wc  invoke  the  debris- 
expansion  theory  of  Swift  et  al.  (1982),  and  we  determine  the  dynamic  yield  strength  of  the  plate 
material.  'I'hen,  we  choose  a  failure  criterion  bcised  on  the  maximum  permissible  deflection,  and 
we  establish  that  the  critical  values  are  related  by  Eqn  (1).  Finally,  we  present  curves  for  the 
critical  projectile  radius  r  vers\is  the  projectile  velocity  Um,  and  for  the  critical  plate  half-thickness 
h  versus  f/,„. 


(1) 

(2) 


2R 


_ 

P(f) 

- A 

z 

Fig.  1.  Plate  subjected 
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Fig.  2.  Time  dependence  of  the  load. 


PERMANENT  DEFLECTION  OF  A  CIRCULAR  PLATE 

Consider  a  simply  supported  circular  plate  of  radius  a  and  thickness  2h  s\ibjected  to  a  circular 
load  of  radius  R,  as  shown  in  Fig.  1.  The  plate  is  made  of  a  rigid  perfectly-plastic  mate¬ 
rial,  and  the  load  P{t),  which  is  uniformly  distributed,  has  a  rectangular  time-dependence  as  in 
Fig.  2.  Let  Pm  be  the  maximum  value  of  the  load,  and  let  T  be  the  time  at  which  the  load  returns 
instantaneously  to  zero. 

When  the  deformations  are  small,  the  axisymmetric  equation  of  dynamic  equilibrium  for  the  plate, 
which  is  given  by  Hopkins  and  Prager  (1954,  p.  318),  can  be  written  in  cylindrical  coordinates  in 
the  form  ^ 

[rAfr(r, ()]'  -  Ms{r,t)  =  -  f  2phw(Q!,1)]ndcii,  (3) 

Jo 

where  w  is  the  deflection  of  the  plate  in  the  z  direction  of  Fig.  1,  Mr  and  Mg  are  the  bending 
moments  per  unit  length  caused  by  the  radial  and  circumferential  stresses,  respectively,  p  is  a 
force  per  unit  area  along  the  z  direction,  and  p  is  the  mass  density  of  the  plate.  In  (3),  the  prime 
superscript  denotes  differentiation  with  respect  to  the  radial  coordinate  r,  and  the  superimposed 
dots  denote  differentiation  with  respect  to  the  time  t. 

Using  the  Tresca  yield  criterion,  one  can  show  (Jones.  1989,  p.  31)  that  the  moments  Mr  and  Mg 
take  values  in  the  (Mg,  Mr)  plane  inside,  or  on  the  boundary  of,  a  hexagon  containing  the  origin. 
The  size  of  the  hexagon  is  determined  by  the  plastic  collapse  moment  Afn  per  unit  length,  which 
can  be  expressed  in  terms  of  the  static  yield  strength  <to  of  the  plate  as 

Mo  =  <Toh^.  (4) 

When  the  circular  load  of  Fig.  1  is  applied  over  the  entire  area  of  the  plate  (/?  =  a),  the  permanent 
deflection  We  at  the  center  of  the  plate  has  been  calculated  by  Hopkins  and  Prager  (1954,  Eqn 
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(22)  p.  324  and  Eqn  (44)  p.  329),  The  results  of  these  authors  can  be  written  in  the  form 


’0  ,0  <  /I  <  1, 

^(/<  -  1)  ,  1  <  /i  <  2, 

f(3/«-2)  ,2</i, 


(5) 


where  the  dimensionless  deflection  6^  and  the  dimensionless  load  /i  are  defined  by 


6.  = 


pa~ 


iaohT^ 


IE., 


and 


p.  = 


Gneroh- 


(6) 


Next,  we  recall  that  the  static  deflection  If  j  at  the  center  of  the  plate  of  Fig.  1,  when  the  total 
distributed  load  is  equal  to  Pm,  is  given  by  (Timoshenko  and  Woinowsky-Krieger,  1959,  pp.  64-67) 


IT.  = 


Pm 

167rF 


3  -f*  i' 

1  +  i/ 


7+  3r/ 
4(1  -fr/) 


(7) 


where  u  is  Poisson’s  ratio  and  F  is  the  flexural  rigidity  of  the  plate.  The  flexural  rigidity  can  be 
expressed  in  terms  of  Young’s  modulus  £  as:  F  =  2F/i^/[3(l  —  j/^)]. 


Equation  (7)  can  be  used  to  evaluate  the  static  deflection  of  a  plate  loaded  over  its  entire  area 
(R  =  a).  The  ratio  \V  of  the  deflection  (7)  to  the  deflection  that  corresponds  to  R  =  a  is  given  by 

4(3  +  t/)^  -  4(H- 1/)  in  -  (7  +  3i/)]  (8) 

Next,  let  W  be  the  permanent  deflection  at  the  center  of  the  plate  of  Fig.  1  when  the  load  P(t) 
has  the  time-dependence  of  Fig.  2.  In  order  to  evaluate  IT,  w'e  assume  that  the  ratio  of  IF  to  the 
deflection  IF.  corresponding  to  (5)  -  (6)  is  equal  to  the  ratio  IF  of  (8).  Thus,  one  has 


IF  =  ^ 


5  -f 


IF  =  IFIF.. 


(9) 


VVe  introduce  now  a  dimensionless  measure  6  of  the  permanent  deflection  IF,  and  a  parameter  c 
that  is  equal  to  the  ratio  of  the  plate  radius  to  the  load  radius.  These  parameters  are  defined  by 


6  = 


pR^ 

■iaohr- 


IF, 


and 


(10) 


Then,  we  infer  from  Eqns  (9),  (10),  (8),  (5)3,  and  (6)  that  the  expression  of  8  in  terms  of  the 
parameter  p  of  (6)  is 


5  =  ^(3/i-2)/?(c,</), 


(11) 


where 


B(c,  u) 


4(3  -1-  v)c~  —  4(1  -t- 1/)  Inc  —  (7  -I-  3j/) 
(5  -1-  i/)c^ 


(12) 


and  p  >  2,  as  indicated  in  (5)3.  Observe  that  the  dimensionless  6  in  (10)  is  defined  in  terms  of 
the  load  radius  R,  whereas  the  dimensionless  6.  of  (6)  is  defined  in  terms  of  the  plate  radius  a. 


EXPERIMENTAL  RESULTS 

Six  multi-shock  shields  and  aluminum  target  plates  wore  supplied  by  the  Ilyporvelocity  Impact 
Test  F’acility  of  NASA/JSC.  The  experimental  tests  are  labeled  A1229,  A1230,  A1233,  A1235, 
A1237,  and  A 1253.  For  each  of  the  six  experiments,  the  target  consists  of  a  backwall  15.24  cm 
(6  in.)  square  protected  by  a  series  of  four  evenly-spaced  Nextel  sheets,  also  15.24  cm  square. 
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Table  1.  Experimental  data. 


Shot 

Cm  (km/s) 

mp(mg) 

2h(mm) 

D{cm) 

VF(mm) 

i2(cm) 

K 

A 1229 

6.49 

4.018 

6.32 

46.92 

0.635 

10.16 

2.515 

2.39 

A1233 

6.26 

46.84 

0.813 

1.102 

2.12 

0.0417 

A1235 

6.24 

46.86 

0.635 

1.834 

2.19 

0.0442 

A1237 

6.20 

46.84 

0.813 

7.620 

2.118 

2.16 

0.0744 

A 1253 

6.51 

1.283 

1.92 

0.1250 

Nextel  is  a  lightweight  ceramic  fiber  that  is  woven  into  a  cloth  fabric.  The  distance  from  the  outer 

sheet  to  the  target  plate  is  D,  as  illustrated  in  Fig.  3. 

In  the  experiments,  aluminum  spheres  with  a  diameter  of  3.175  mm  (1/8  in.)  and  a  mass  density 
Pp  =  2796  kg/m^  are  fired  from  a  light-gas  gun  at  velocities  near  6.5  km/s.  The  projectile  impacts 
the  outer  Nextel  she  normally,  leaving  a  hole  slightly  larger  than  the  projectile  diameter,  and 
shatters  into  fragments.  Because  the  fragments  move  inside  a  cloud  of  expanding  radius,  the 
following  sheets  have  increasingly  larger  holes.  Finally,  the  fragments  impact  the  backwall,  causing 
a  permanent  plastic  deformation. 

Several  parameters  were  varied  in  the  experiments  in  order  to  see  how  each  parameter  affects 
the  backwall  deflection.  The  parameters  (projectile  velocity  and  mass,  backwall  thickness,  shield 
spacing,  permanent  deflection,  and  load  radius)  of  the  six  experiments  are  shown  in  Table  1.  Four 
experiments  were  conducted  with  the  shield  spacing  set  at  10.16  cm,  and  two  experiments  have 
a  reduced  shield  spacing.  The  yield  strength  of  the  backwall  material  is  equal  to  344.74  MPa 
(Al  2024-T3)  and  the  mass  density  is  ^  =  2768  kg/m®  for  all  experiments,  except  for  A 1230, 
where  the  yield  strength  is  275.79  MPa  (Al  6061-T6)  and  the  mass  density  is  p  =  2713  kg/m®. 
Also,  the  plate  thickness  takes  four  different  values. 

The  permanent  deflections  of  the  backwalls,  which  are  recorded  in  Table  1  as  IF,  were  measured 
using  a  precision  lathe  to  a  precision  of  three  hundredths  of  a  millimeter.  The  deflections  H' 
represent  the  centerline  deflections  of  the  backwalls. 

The  backwall  in  each  experiment  is  tarnished  and  pitted  by  the  impact.  The  tarnished  area  is 
nearly  identical  to  the  area  of  the  backwall  that  is  permanently  deformed.  Measurements  of  the 
load  diameter  were  taken  by  carefully  tracing  the  region  of  impact  onto  guideline  tracing  paper, 
where  actual  diameters  could  be  more  accurately  determined  and  measured.  Eight  different 
diameters  were  measured  and  averaged  for  each  of  the  six  experiments  to  obtain  the  experimental 
values  of  the  radius  R  listed  in  Table  1. 


DEBRIS  CLOUD  DYNAMICS 

In  the  range  of  projectile  velocities  above  6  km/s,  which  contains  the  six  velocities  of  Table  1, 
the  impact  pressure  applied  by  the  Nextel  sheets  on  the  projectile  is  sufficiently  high  to  melt 
the  projectile  completely  before  it  impacts  the  backwall  (Christiansen,  1990,  1991).  Thus,  the 
backwall  is  subjected  to  the  impulse  of  a  cloud  of  molten  fragments.  In  the  following,  we  consider 
only  the  case  of  impulsive  loading  caused  by  molten  fragments. 

The  impulse  on  the  backwall  depends  on  two  opposite  effects.  First,  the  rebounding  effect  dis¬ 
cussed  by  Gehring  (1970)  tends  to  increase  the  impulse,  and  second  the  impacts  on  the  successive 
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sheets  tend  to  reduce  it.  Thus,  we  write  as  an  approximation  that  the  total  impulse  on  the 
backwall  is  equal  to  the  momentum  of  the  incoming  projectile.  It  follows  that 

4 

litu  —  ^pUm  —  Urn,  (^3) 

where  nip,  Um,  Pp,  and  r  denote,  respectively,  the  mass,  the  velocity,  the  mass  density,  and  the 
radius  of  the  projectile. 

Next,  we  assume  that  the  impulse  hw  is  equivalent  to  that  of  a  rectangular  load  P(t)  as  in 
Fig.  2.  It  follows  that  the  equivalent  maximum  load  Pm  is  given  by 

(14) 

We  now  recall  that  Swift  et  al.  (1982)  have  proposed  a  theory  for  the  debris  expansion.  This 
theory  can  be  applied  to  our  problem,  provided  that  the  four  Nextel  sheets  are  replaced  by  an 
equivalent  shield.  The  equivalent  shield  is  made  of  a  single  plate;  it  is  located  at  the  place  of 
the  outer  Nextel  sheet,  and  its  material  properties  are  such  that  the  conical  debris  expansion  is 
identical  to  that  produced  by  the  four  sheets. 


It  follows  from  Swift  et  al.  (1982)  that  the  load  duration  Tl  and  the  load  radius  R  on  the  backwall 
can  be  written  in  the  form 


^  Um{\-K)  ' 


R=D 


(15) 


where  D  is  the  distance  between  the  equivalent  shield  and  the  backwall,  and  the  parameter  K 
is  the  ratio  of  the  surface  density  of  the  equivalent  shield  to  the  surface  density  of  the  spherical 
projectile.  The  formulae  (15)  correspond  to  the  case  where  the  hole  radius  in  the  shield  is  equal 
to  the  projectile  radius,  and  where  the  kinetic  energy  expended  in  the  debris  expansion  is  equal 
to  the  total  available  kinetic  energy  (Swift  ei  al.,  1982,  pp.  22-25). 


Equation  (15)  shows  that  the  values  of  K  must  satisfy  the  condition  0  <  If  <  1.  By  using  (15), 
together  with  the  R  and  D  values  of  Table  1,  we  have  calculated  the  corresponding  value  of  K  for 
each  of  the  six  experiments.  These  values  are  recorded  in  the  last  column  of  Table  1.  We  observe 
here  that  the  value  of  K  increases  when  the  shield  spacing  D  decreases,  as  indicated  by  Shots 
A1229,  A1237,  and  A1253.  We  now  select  from  the  list  of  values  of  K  a  lower  bound  K*  such 
that 

F*  ^  '  ''4.  (16) 


The  time  Ti  of  (15)  is  the  time  necessary  f  '  e  particle  at  the  back  of  the  spherical  debris 
cloud  to  travel  the  length  of  the  sphere  diameter,  starting  at  the  instant  when  the  first  particle 
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touches  the  backwall.  The  time  T  of  (14)  is  the  duration  of  the  rectangular  load  in  the  theoretical 
approach  of  Hopkins  and  Prager  (1954).  In  order  to  determine  a  relation  between  Ti  and  T,  we 
write  that  the  impulse  of  an  isosceles  triangular  load  of  duration  and  height  is  equal  to 
the  impulse  of  a  rectangular  load  of  duration  T  and  height  Pm-  Then,  one  finds  that 

(17) 

The  argument  that  leads  to  (17)  is  consistent  with  the  numerical  results  of  Perzyna  (1958); 
these  results  show  that  impact  loads  of  equal  impulses  on  rigid  perfectly-plastic  plates  cause 
approximately  the  same  permanent  deflections. 


BALLISTIC  LIMIT  EQUATION 


Let  a  be  the  dynamic  yield  strength  of  the  backwall  material.  Then,  using  cr  instead  of  the  static 
yield  strength  <ro,  we  can  rewrite  the  dimensionless  measure  6  of  the  permanent  deflection  and 
the  dimensionless  measure  /i  of  the  maximum  load  in  the  form  (see  (10)  and  (6)) 


^  3A<to/iT2 


()irX(Toh? ' 


where  <t  =  Aitq,  and  A  is  a  multiplicative  factor.  The  parameters  S  and  /i  can  be  expressed  in 
terms  of  pp,  r,  Um,  D,  A',  p,  h,  W,  <to,  and  A.  To  see  this,  it  suffices  to  substitute  (13)  -  (15) 
and  (17)  into  Eqns  (18).  The  result  is 


1  -  A  pU^W  2(1-70  PpU^ 

3A(1  +  A)2  (TO  h'  ^  9A(1  +  A)v/A  <to  Dh^' 


(19) 


We  have  determined  the  factor  A  by  substituting  the  experimental  values  of  Table  1  into  (19),  and 
by  plotting  the  corresponding  points  in  a  (p,6)  system  of  axes.  For  each  experiment  in  Table  1, 
and  for  varying  values  of  A,  the  points  (p,^)  describe  a  straight  line  through  the  origin.  If,  on  the 
other  hand,  a  fixed  value  of  A  is  chosen,  then  the  six  points  corresponding  to  the  six  experiments 
of  Table  1  are  located  on  a  parabola-like  curve.  Three  such  curves  (for  A  =  1.8,  4.5,  and  7.0)  are 
shown  in  dotted  lines  in  Fig.  4.  Also  shown  in  Fig.  4  is  a  solid  line.  The  solid  line  is  obtained 
from  Eqn  (11)  for  p  >  2,  for  a  value  of  Poisson’s  ratio  u  =  0.3,  and  for  a  choice  of  the  parameter 
c  of  (10)  such  that 

c  =  c*=3.18.  (20) 


The  value  c*  is  a  lower  bound  for  the  six  experiments  of  Table  1;  it  is  obtained  by  taking  the 
values  a  =  7.62  cm  and  R  =  2.39  cm  of  Shot  A1230.  For  the  other  five  experiments,  the  values  of 
c  are  greater  than  c*.  Now,  returning  to  equation  (11),  one  can  see  that  J3(c,  u)  takes  the  value 
1.0  at  c  =  1.0  and  decreases  monotonically  to  zero  as  c  approaches  infinity  (for  fixed  values  of  i/). 
Thus,  the  deflection  6  of  (11),  for  fixed  values  of  i/  and  p,  decreases  as  c  increases.  It  follows  that 
the  lower  bound  c*  yields  a  conservative  upper  bound  for  the  deflection  S. 

Figure  4  shows  that  the  solid  line,  which  represents  the  theoretical  permanent  deflection  at  the 
center  of  the  plate,  is  very  close  to  the  dotted  line  representing  the  experimental  deflection  when 
A  =  A*  =  4.5.  It  is  also  shown  in  Fig.  4  that  the  experimental  deflections  for  A  =  1.8  and  A  =  7.0 
are  not  near  the  theoretical  curve.  Consequently,  in  all  our  subsequent  calculations,  we  choose 

<T  =  4.5<ro  =  A*cro.  (21) 


The  ballistic  limit  equation  can  now  be  obtained  from  Eqns  (19).  We  begin  by  rewriting  6  of  (19) 
in  the  form 


6  = 


3A(H-A)2  <ro  ’ 


(22) 
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Fig.  4.  Theoretical  (solid  line)  and  experimental  back  wall  deflections  for 
dynamic  yield  strengths  of  1.8<ro(o),  4.5<ro(*),  and  7n’o(o). 

where  ft  =  W/h  is  a  measure  of  the  deformation  of  the  back  wall.  This  measure  is  independent  of 
the  width  2a  of  the  backwall.  The  values  of  n  for  the  six  experiments  of  Table  1  are;  fl  =  15.82, 
7.921,  2.711,  5.776,  5.210,  and  1.604.  Based  on  these  results,  we  choose  an  upper  limit 

n*  =  15.82.  (23) 

Equation  (23)  can  be  interpreted  as  a  failure  criterion;  For  values  of  fi  less  than  f2*,  the  backwall 
has  sustained  the  impact;  for  values  greater  than  fi*,  the  backwall  has  failed. 


Substituting  f2*  into  (22},  using  (21)  and  the  values  of  Table  1,  we  find  that  the  values  of  6  for 
the  six  experiments  are;  6  =  351.55,  394.18,  325.62,  321.16,  290.02,  and  275.69.  We  now  select 
an  upper  bound  6*  for  6  such  that 

6*  =  395.  (24) 

Then,  we  use  Eqn  (11),  together  with  c  =  c*  as  in  (20),  =  0.3,  and  ^  as  in  (24),  to  deduce 

an  upper  bound  /i*  for  fx.  Assuming  that  fi*  is  much  greater  than  2,  one  infers  from  (11)  that 


* 

A* 


45* 


-.1/2 


L35(c*,0.3) 


=  50. 


The  ballistic  limit  equation  follows  now  from  (19),  (21),  (25),  and  (16).  One  has 


0-0  Dh?  '  2(1 -K)  ' 

where  the  parameters  K,  A,  and  C  take  the  values 


(25) 


(26) 


K  =  0.04,  A  =  4.5,  /i  =  50,  C  =  219.4. 


(27) 


BALLISTIC  LIMIT  CURVES 


We  now  compare  the  ballistic  limit  curves  corresponding  to  (26)  to  those  developed  by  Christiansen 
(1991).  The  ballistic  limit  equation  of  Christiansen  (1991)  can  be  written  in  the  form 


r  =  0.177 


\PpUrr.)  b75.79>'  ’ 


where  r,  D,  and  h  are  in  centimeters,  Um  is  in  km/sec,  and  <to  is  in  MPa. 


(28) 


Crilical  rcspunse  of  shielded  plaies 
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Fig.  5.  Critical  projectile  radius  for  backwall  thickness  2h  =  0.508  mm 
and  shield  spacing  D  =  10.16  cm  (Christiansen:  dotted  line). 


Fig.  6.  Critical  projectile  radius  for  backwall  thickness  2h  =  0.813-  mm 
and  shield  spacing  D  =  7.62  cm  (Christiansen:  dotted  line). 


We  first  select  the  parameters  r  and  Um  as  variables.  Using  the  experimental  values  for  Shots 
A1229,  A1237,  and  A1253,  we  obtain  the  ballistic  limit  curves  shown  in  Figs  5-7.  The  dotted 
curves  correspond  to  (28),  while  the  solid  curves  correspond  to  (26).  The  actual  experimental 
point  is  also  shown  in  each  of  the  three  figures.  The  region  below  each  curve  is  the  safe  region; 
the  region  above  each  curve  is  the  failure  region. 

In  Fig.  5,  the  ballistic  limit  curves  are  plotted  for  a  backwall  thickness  2h  =  0.508  mm  (0.02 
in.)  and  a  shield  spacing  D  =  10.16  cm.  Notice  that  the  two  curves  are  very  close  and  the  solid 
line  is  more  conservative  than  the  dotted  one.  In  Fig.  6,  the  backwall  thickness  is  0.813  mm 
(0.032  in.)  and  the  shield  spacing  is  7.62  cm.  The  curves  cross  near  Um  =  12  km/s.  Thus,  (28) 
is  less  conservative  than  (26)  at  the  higher  velocities,  and  it  is  more  conservative  than  (26)  at  the 
lower  velocities.  In  Fig.  7,  the  solid  line  is  above  the  dotted  one  and  predicts  that  Shot  A1253  is 
not  near  failure,  which  is  consistent  with  the  experimental  observation.  For  this  case,  the  backwall 
thickness  is  1.6  mm  (0.063  in.)  and  the  shield  spacing  is  5.08  cm. 

Finally,  we  plot  in  Fig.  8  a  ballistic  limit  curve  for  the  backwall  half-thickness  h  versus  the 
projectile  velocity  Um-  The  projectile  radius  is  1.588  mm  (1/16  in.)  and  the  shield  spacing  is 
10.16  cm.  The  regions  above  the  lines  are  the  safe  regions.  The  four  experimental  data  points 
corresponding  to  the  first  four  experiments  in  Table  1  are  shown  in  Fig.  8.  All  four  points  lie 
above  both  curves.  The  solid  line  predicts  that  A1229  is  very  near  failure,  which  is  consistent 
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Fig.  7.  Critical  projectile  radius  for  backwall  thickness  2/i  =  1.6  mm 
and  shield  spacing  D  =  5.08  cm  (Christiansen:  dotted  line). 


Fig.  8.  Critical  hackwall  half-thickness  for  projectile  radius  r  =  1.588 
mm  and  shield  spacing  D  =  10.16  cm:  oA1230,  -fA1233, 
xA1235  (Christiansen:  dotted  line). 


with  the  experimental  observation.  Figures  5-8  show  that  the  solid  lines  corresponding  to  (26) 
are  consistent  with  the  six  experiments  of  Table  1. 


CONCLUSIONS 

We  have  derived  a  new  ballistic  limit  equation  for  a  thin  plate  subjected  to  normal  hypervelocity 
impact.  This  equation  applies  to  cases  of  impulsive  impact  on  a  plate  that  is  protected  by  a 
multi-shock  shield;  it  is  valid  when  the  projectile  velocity  is  in  the  range  above  6  km/s,  and  when 
the  area  of  the  impact  zone  is  much  smaller  than  the  area  of  the  plate. 

The  ballistic  equation  contains  two  dimensionless  groups  {ppU^/cro  and  /{Dh'^)),  and  the  prod¬ 
uct  of  these  groups  when  the  critical  conditions  of  impact  are  reached  must  be  equal  to  a  constant 
C.  We  have  found  that  the  value  C  —  219.4  gives  good  agreement  with  the  results  of  Christiansen 
(1991). 

To  arrive  at  this  ballistic  equation,  it  was  necessary  to  determine  the  dynamic  yield  strength  of  the 
plate.  This  was  achieved  by  comparing  the  experimental  deflections  of  six  aluminum  square  plates 


C  riiku!  rcsptm>c  dI  >hicldcd  platCN 


supplied  by  the  Hypervelocity  Impact  Test  Facility  of  NAS  A/ JSC  with  the  theoretical  deflections 
of  a  rigid  perfectly-plastic  plate  subjected  to  a  blast  load. 

In  the  course  of  this  work,  we  have  replaced  the  multi-shock  shield  by  a  single  equivalent  shield,  and 
we  have  applied  the  debris-expansion  theory  of  Swift  et  al.  (1982)  to  the  equivalent  configuration. 
We  have  selected  a  failure  criterion  that  places  an  upper  bound  on  the  ratio  of  the  plate  deflection 
to  the  plate  thickness. 

Taking  into  account  the  rebounding  effect  and  the  loss  of  energy  as  the  projectile  moves  across 
the  multi-shock  shield,  we  have  assumed  that  the  impulse  on  the  plate  is  equal  to  the  momentum 
of  the  projectile.  For  simplicity,  it  was  also  assumed  that  the  load  transferred  to  the  plate  by  the 
impacting  cloud  is  uniformly  distributed. 

In  future  attempts  to  derive  ballistic  limit  equations,  particular  attention  should  be  given  to  the 
dynamics  of  the  debris  cloud  expansion.  This  is  a  complicated  issue,  especially  when  the  cloud 
moves  across  a  multi-shock  shield,  but  it  must  be  examined  carefully  because  recent  experimental 
evidence  (Piekutowski,  1990)  has  shown  that  debris-cloud  fragments  are  not  uniformly  distributed 
on  the  surface  of  an  expanding  sphere.  Further,  the  dynamics  of  debris-cloud  expansion  for  oblique 
incidence  should  also  be  investigated,  because  impacts  of  space  debris  and  meteoroids  are  expected 
to  occur  under  all  angles  of  incidence,  not  only  under  normal  incidence. 
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ABSTRACT 

A  case  history  in  debris  characterization  is  presented  for  oblique  impacts  of  chunky  tungsten  projectiles 
against  thin  plates.  The  integrated  approach  of  scaled  experiments  and  hydrocode  simulations  led  to  a 
semi-analytic  model  of  behind  the  plate  debris  fragment  distributions.  This  debris  distribution  model 
agreed  quite  well  with  the  experimental  fragment  distributions  derived  from  witness  plate  measurements. 
The  1/4  scale  lest  program  included  three  projectile  masses,  two  target  geometries  (single  and  dual 
plates),  a  velocity  range  of  4-7  km/s  and  a  strike  angle  range  of  15-55  degrees.  Close  correlation  of 
measured  and  predicted  fragment  distributions  encouraged  the  extension  of  the  model  to  higher  velocities 
not  cunently  obtainable  in  the  laboratory. 

The  paper  also  includes  discussions  of  critical  features  of  debris  in  oblique  hypervelocity  impact,  the 
scalability  of  fragment  data,  and  the  utilization  of  the  derived  fragment  models  in  semi-analytic  damage 
assessment  codes. 


I  INTRODUCTION 

Hypervelocity  impacts  of  even  very  small  projectiles  on  space  structures  generate  energetic  debris  that 
can  inflict  serious  damage  on  internal  components.  Lethality  and  survivability  considerations  as  well  as 
space  debris  concerns  thus  require  a  quantitative  debris  characterization.  The  present  paper  focuses  on  a 
subset  of  the  parameter  space  of  interest:  Dense  tungsten  chunky  projectiles  (cylinders,  L/d  =  1) 
impacting  thin  (t/d<l)  dual-plate  aluminum  targets  at  V=4-12  km/s  and  low  strike  angles  (20°-55°)  (An 
earlier  paper  reported  related  work  on  impacts  on  thin  walled  cylinders  [1]). 

Early  debris  models  concentrated  on  normal  impacts  of  like  materials.  The  ensuing  model  of  a  spherical 
debris  shell  assumes  that  target  and  projectile  fragments  are  distributed  uniformly  in  this  thin  layer.  For 
the  impact  configurations  under  study,  however,  the  debris  structure  is  complex  and  multiple 
fragmentation  mechanisms  coexist  Hence  this  idealized  model  is  not  appropriate. 

The  present  debris  characterization  effort  is  not  geared  toward  developing  a  theoretical  debris  model  with 
some  free  parameters.  Instead  a  more  empirical  but  quantitative  route  was  chosen  to  obtain  a  simple 
model  quickly  and  to  validate  it  by  experiments.  To  this  end  a  coordinated  experimental/hydrocode- 
simulation  study  was  initiated. 

The  paper  first  summarizes  the  experimental  test  program  and  the  related  data  reduction  effort,  then  the 
hydiXKOde  simulation  results,  and  finally  the  modeling  process.  The  paper  is  significant  because  it 
addresses  the  following: 

•  The  use  of  thin  witness  plates  to  characterize  individual  debris  particle  sizes  down  to  a 
few  tenths  of  a  mm  in  diameter  and  their  radial  distribution. 
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•  The  variation  of  the  debris  size  and  radial  distribution  with  projectile  mass,  impact 
velocity,  and  impact  obliquity. 

•  The  development  of  a  cumulative  mass  distribution  function  based  on  the  Grady 
formalism. 

•  The  extension  of  the  debris  distribution  model  to  higher  impact  velocities  based  on 
hydrocode  analyses. 

•  Discussions  on  the  determination  of  debris  distribution  for  the  full  scale  case  based 
upon  1/4  scale  test  results. 


II  EXPERIMENTAL  PROGRAM 

Hypervelocity  impact  tests  were  conducted  in  the  Impact  Physics  Laboratory  at  the  University  of  Daytcxi 
Research  Institute  using  the  50/20  mm,  two  stage,  light-gas  gun  [2].  Quarter  scale  tungsten  fragments, 
weighing  5/64, 10/64  and  20/64  gram,  were  launched  against  a  simple,  dual  wall  target  backed  by  a  thin 
witness  plate.  The  fragments  used  in  these  tests  were  right-circular  cylinders,  L/d  =  1,  which  were 
fabricated  from  Teledyne  Firth  Sterling  tungsten  alloy  X-21C,  which  is  a  93%  tungsten  alloy  having  a 
density  of  17.5  g/cc.  The  dual  target  plates  and  the  witness  plate  were  fabricated  from  5052-H32 
aluminum. 

A  schematic  of  the  target  setup  is  presented  in  Fig.  1.  The  dual  target  plates  were  4  inches  by  6  inches 
in  lateral  dimensions.  Each  of  the  dual  plates  were  0.030  inches  thick  and  the  two  plates  were  separated 
by  a  distance  of  0.060  inches.  The  rear  witness  plate  was  also  0.030  inches  thick.  For  the  first  three 
tests,  the  witness  plate  was  set  at  the  same  angle  as  the  target  plate.  For  all  subsequent  tests,  the 
witness  plate  was  set  at  90  degrees  to  the  shotline  to  facilitate  data  reduction.  For  this  series  of  tests,  the 
impact  velocities  varied  from  4  to  7  km/s,  with  7  km/s  being  the  highest  obtainable  in  the  gun  facility. 
The  strike  angles  varied  from  15  to  55  degrees  (which  correspond  to  obliquity  angles  of  75  and  35 
degrees,  respectively.) 
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Fig.  1.  Schematic  of  the  target  setup.  Fig.  2.  Negative  print  of  the  hole  pattern 

As  noted  in  Fig.  1 ,  four  pairs  of  orthogonal  x-rays  were  used  behind  the  dual  plate  target  to  obtain  a  good 
history  of  the  debris  velocity.  Holes  in  the  witness  plate  were  used  to  obtain  an  estimate  of  the 
individual  debris  particle  masses  impacting  the  plate.  Debris  catchers,  consisting  of  Armstrong  ceiling 
panel  material,  were  placed  behind  the  witness  plate.  Catcher  material  was  also  employed  to  catch  any 
fragment  material  which  ricocheted  off  the  front  target  plate. 

The  objective  of  these  tests  was  to  obtain  sufficient  data  to  allow  the  characterization  of  the  residual 
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debris  mass,  velocity,  and  angular  distribution  as  a  function  of  initial  fragment  mass,  impact  velocity, 
and  strike  angle.  A  complete  list  of  tests  conducted  is  given  in  Table  1.  All  but  two  of  the  tests  featur^ 
the  double  layer  target  plate.  In  the  remaining  two  tests,  a  single  plate  of  twice  the  thickness  (0.060 
inches)  was  used.  These  thicker  plate  tests  were  conducted  to  see  if  the  debris  from  this  type  of  target 
resembled  that  of  the  dual  wall  target.  It  should  be  noted  that  very  few  problems  were  encountered  during 
the  test  program  until  efforts  were  made  to  obtain  impact  velocities  of  7  km/s.  Despite  a  number  of 
difficulties,  several  good  data  tests  were  obtained  at  this  velocity. 


Table  1.  Test  matrix. 

FRONT  TARGET  RESIDUAL  VEL. 

SHOT  PROJ.  IMPACT  STRIKE  36  MIL  I'  66  MIL  M'A7  ]  MIR  COMMENTS 

NO.  MASS  VEL  ANGLE  DUAL  SINGLE  (km/s)  (km/s) 


(g)  I  (°)  layer  layer 


An  extensive  effort  was  conducted  to  determine  the  mass  of  the  residual  particles  for  each  test.  After 
considering  a  number  of  other  approaches,  the  approach  chosen  for  this  program  was  to  calculate  the 
mass  of  individual  particles  based  upon  the  area  of  the  holes  created  by  each  particle  in  the  wimess  plate. 
Two  other  techniques  which  have  been  used  previously  include  the  use  of  a  semi-infinite  wimess  block 
and  the  use  of  debris  catchers.  With  a  wimess  block,  the  particles  create  craters  upon  impact.  The 
volumes  of  these  craters  are  then  measured  and  correlated  with  the  mass  which  caused  the  crater.  It  was 
felt  that  the  crater  formed  by  the  very  small  particles  would  be  so  small  as  to  greatly  complicate  the 
measurement  of  crater  volume  and  that  the  measurement  accuracies  would  not  be  sufficient.  Likewise, 
the  particles  would  be  too  small  to  be  found  in  the  debris  catcher. 

Because  of  the  large  number  of  holes  in  each  wimess  plate  (usually  in  excess  of  200  holes  were  found), 
a  special  technique  had  to  be  developed  for  measuring  the  sizes  of  the  holes.  In  this  technique, 
photographic  paper  was  placed  behind  the  plate  and  a  camera  lamp  was  flashed.  The  resulting 
"photograph"  was  a  negative  print  of  the  holes  in  the  plate.  The  print  corresponding  to  Test  4-1203  is 
presented  in  Figure  2.  This  negative  photograph  was  scanned  into  a  Macintosh  computer  and  transferred 
into  IMAGE  version  1.22,  written  by  the  National  Institute  of  Health,  and  scaled  appropriately.  By 
counting  the  number  of  pixels  contained  in  each  hole,  the  IMAGE  program  was  able  to  calculate  the  hole 
area.  Several  corrections  were  made  to  the  hole  areas  to  account  for  pixel  resolution  errors  and 
photographic  blur. 

In  a  parallel  effort,  an  algorithm  was  developed  which  correlated  the  area  of  the  hole  in  the  plate  with  the 
mass  of  the  debris  particle  which  caused  the  hole.  This  algorithm  development  was  necessitated  because 
of  the  very  small  masses  and  hole  sizes  involved  in  this  effort.  The  algorithm  took  the  form: 
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where; 


and 

where; 


d 


(2.1) 


D 

d 

M 


Hole  Diameter  (cm)  v  = 

Fragment  Diameter  (cm)  t  - 

M  =  p-d^ 

6 

Fragment  Mass  p  = 


Impact  Velocity  of  Fragment  (km/s) 
Plate  Thickness  (cm) 


Fragment  Density 


This  algorithm  was  then  applied  to  the  tabulated  hole  data  to  determine  the  residual  debris  mass  for  each 
test  For  each  test  in  which  sufficient  hole  data  was  available  to  obtain  good  residual  mass  distribution 
data,  the  masses  were  calculated  and  tabulated.  Figu'^s  3  and  4  display  plots  of  typical  residual  debris 
mass  distributions  generated  in  this  fashion.  It  should  be  noted  that  the  data  trends  appear  very  much  as 
expected,  lending  credibility  to  the  data.  The  effort  to  use  this  data  to  develop  analytical  models  of 
residual  debris  mass  distribution  is  discussed  in  a  later  section. 


different  size  projectiles.  various  strike  angles. 

Table  2.  Measured  residual  mass  and  residual  velocity  data. 


STOTNO. 

PROJ. 

MASS 

(9) 

impact 

VELOCITY 

(KM/S) 

STRIKE — 
ANGLE  (») 

RESIbuAL  VELOCITY 

“RESIDUAL 

MASS 

(Mr/Mo) 

MIN  (km/s) 

MAX  (km/s) 

4-1198 

5/64 

6.06 

45 

4.60 

5.20 

0.48 

4-1199 

10/64 

6.02 

45 

5.01 

5.61 

0.80 

4-1201 

10/64 

6.02 

50 

5.25 

5.64 

0.67 

4-1202 

10/64 

6.07 

30 

4.16 

5.37 

0.56 

4-1203 

10/64 

6.05 

20 

3.42 

4.78 

0.23 

4-1204 

5/64 

6.05 

20 

- 

4.3 

0.09 

4-1205 

10/64 

5.95 

15 

- 

• 

0.00 

4-1210 

10/64 

4.10 

45 

3.08 

3.67 

0.71 

4-1211 

10/64 

4.08 

20 

2.41 

3.04 

0.18 

4-1212 

5/64 

7.02 

45 

5.65 

6.26 

0.21 

4-1215 

10/64 

6.89 

20 

4.18 

5.39 

0.23 

For  each  test  with  good  mass  data,  the  masses  of  the  all  debris  particles  were  summed  and  the  resulting 
total  residual  debris  mass,  Mr,  was  obtained.  This  total  residual  mass  data  is  presented  in  Table  2. 
Also  included  in  this  table  is  the  range  of  residual  velocity  data  obtained  for  each  debris  cloud  as  measured 
with  the  orthogonal  x-ray. 
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III  HYDROCODE  SIMULATIONS 

The  primary  objectives  of  hydrocode  simulation  were  to  extend  experimental  data  to  higher  impact 
velocities  and  to  complement  experimental  debris  characterization  with  high  resolution  fragmentation 
maps.  They  were  also  utilized  to  provide  pre-test  predictions  of  test  instrumentation  and  to  quantify 
mass,  momentum,  kinetic  energy  and  spread  angle  of  residual  projectile  debris  behind  the  target  enu^ 
walls.  3-D  HULL  simulation  results  provided  useful  data  for  the  development  of  an  internal  fragment 
distribution  model  which  is  a  critical  input  to  system  level  damage  computations. 

Utilization  of  hydrocodes  to  obtain  fragmentation  statistics  is  a  formidable  challenge.  Uncertainties  in 
fragmentation  criteria  and  numerical  difficulties  with  subgrid  fragment  advection  prevent  a  direct 
hydrocode  output  of  fragment  distributions  as  discussed  in  Trucano  and  McGlaun  [3].  In  the  current 
effort  we  utilize  a  hybrid  approach  (similar  to  that  in  [3])  to  obtain  the  fragment  distributions:  First 
obtain  continuuiii  (icscription  of  the  early  time  debris  (i.e.  velocity,  strain  rate  etc.)  from  hydrocodes, 
then  post  proces  inslate  the  debris  fields  into  discrete  fragment  statistics  with  the  help  of  continuum 
fragmentation  formula  as  discussed  in  Section  IV.  In  the  current  simulations  a  rather  fine  mesh  is  used 
to  obtain  high  resolution  maps  of  the  debris  initiation.  There  are  five  cells  across  the  plate  thickness 
(dx  =  0.015  cm),  allowing  us  to  resolve  tungsten  fragments  larger  than  60  micrograms.  Fragments  with 
smaller  mass  thus  are  obtained  only  with  the  help  of  the  continuum  fragmentation  formula. 


t  =  2us 


t  =  3ms  t  =  4ms 

Fig.  5.  3-D  HULL  simulation  of  6  km/s,  55°  impact  of  a  WIO  (L/D  =  1)  cylinder 

impacting  a  double  walled  target:  density  maps  of  a  slice  on  the  impact  symmetry. 

Representative  simulation  maps  for  a  l0/64g  fragment  impacting  at  6  km/s,  55°  arc  given  in  Figure  5. 
They  illustrate  the  essential  features  of  oblique  impacts  of  dense  projectiles  against  double  layers  of 
aluminum.  At  moderate  obliquities,  as  shown  in  Figure  5,  the  tungsten  projectile  debris  retains  much  of 
its  initial  momentum.  At  high  obliquities  (low  strike  angles)  there  is  more  extensive  projectile 
fragmentation.  Due  to  substantial  erosion  of  the  projectile  the  residual  debris  has  lost  most  of  its  kinetic 
energy.  At  these  large  obliquity  angles  and  high  velocities  the  debris  characteristics  are  relatively 
independent  of  the  impact  velocity.  Further  insights  gained  by  hydrocode  simulations  could  be  listed  as: 


t  =  5ms 


1. 


The  projectile  and  the  target  debris  have  distinct  spatial  characteristics.  They  arc  not  distributed 
uniformly  in  a  thin  surface  layer  of  quasisphcrical  bubble.  Hence  standard  models  based  on  these 
assumptions  (such  as  the  Swift,  Bamford  &  Chen  model  14))  arc  not  applicable  for  this  case. 
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2.  For  this  projecliJe/larget  combination  residual  fragments  subtend  a  rather  small  cone  angle. 
This  feature  clearly  enhances  the  debris  damage  potential. 

3  Two  main  fragmentation  mechanisms  are  observed;  i)  Multiple  spalling  near  the  edges  and  ii) 
Slow  stretching  fragmentation  at  the  center.  This  might  lead  to  two  fragment  distribution 
functions  with  different  characteristics  as  anticipated  by  the  Grady  fragmentation  formalism  (5,6) 
as  discussed  in  Section  IV. 

4.  The  axis  of  the  debris  cloud  deviates  from  the  original  shotline  toward  the  target  surface  normal. 
This  deviation  grows  witn  increasing  obliquity. 

From  x-ray  observations  it  is  difficult  to  define  a  unique  debris  spread  angle  and  a  unique  representative 
residual  velocitv.  This  multi-valuedness  demands  extra  caution  in  the  interpretation  of  experimental 
results  and  in  the  comparison  of  data  with  hydrocode  simulations.  Quantitative  results  extract^  from  the 
hydrocode  results  are  given  in  Table  3.  The  major  conclusions  one  can  draw  are; 

i.  There  is  a  drastic  decrease  in  residual  momentum  below  a  strike  angle  of  20°.  This  is  confirmed 
by  the  typical  contact  prints  from  experimental  data  for  6  km/s  impacts. 

ii.  Effective  debris  half  cone  angles  are  small.  This  is  likely  due  to  large  density  differential 
between  the  projectile  and  target  material  and  the  high  ductility  of  the  projectile  material. 


Table.  3.  3-D  HULL  estimates  of  residual  projectile  mass,  momentum,  and  kinetic  energy 
behind  the  double  entry  wall. 


Projectile 

m/rriQ 

mU/moUo 

m 

m 

o 

Half  Cone 
Angle 

Deflection 

Angle 

1  m  (g) 

V  (km/s) 

0 

Moderate  Obliquity  | 

6 

55 

0.88 

0.81 

0.74 

8.8 

1.5 

8 

50 

0.96 

0.79 

0.65 

7.5 

0.7 

! _ 10 _ 

4 

45 

0.88 

0.74 

0.64 

8.1 

0.9 

10 

40 

0.92 

0.72 

0.56 

9.4 

1.2 

High  Obliquity  | 

6 

20 

0.52 

0.28 

0.16 

IHQ3H 

10.3 

12 

20 

0.51 

0.26 

0.15 

5.8 

9.5 

12 

30 

0.69 

0.54 

0.40 

6.9 

5.7 

1  Smaller  Mass 

5 

6 

45 

0.72 

0.57 

0.46 

C.5 

3.4 

Hydrocode  results  agreed  well  with  experimental  data  when  available.  The  residual  velocities  showed  an 
excellent  match.  Other  features  of  the  debris  are  also  weU  captured  in  hydrocode  maps.  Thus  hydrocode 
results  along  with  x-ray  pictures  and  witness  plate  hole  size  data  constituted  a  base  for  the  development 
of  an  internal  fragment  model.  Details  of  this  model  arc  given  in  the  following  section. 

IV  DEVELOPMENT  OF  THE  BEHIND-THE-TARGET  DEBRIS  MODEL 

The  objective  of  the  modeling  effort  was  to  d  elop  models  for  use  in  the  KNAPP  code  which  were 
capable  of  predicting  damage  to  internal  components.  The  KNAPP  code  was  originally  developed  by 
Kaman  Sciences  for  the  LTH-5  Space  Ba.scd  KEW  community  under  contract  to  the  Air  Force  Armament 
Laboratory.  It  is  an  empirically  based  code  consi.sting  of  (a)  the  GIFT  combinatorial  geometry  and  ray 
tracing  package,  (b)  models  which  describe  the  breakup  of  the  original  projectile  upon  impact  of  the  outer 
target  wall  and  the  breakup  of  the  resulting  panicles  upon  impact  of  succeeding  layers,  (c)  a  series  or 
penetration  algorithms,  and  (d)  the  bookkeeping  required  to  keep  track  of  all  of  the  panicles  and  the 
damage  which  they  cause.  The  current  version  of  the  KNAPP  code  was  developed  for  application  to  very 


Ma  /  Mo 
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different  target  and  projectile  combinations  from  those  in  this  study.  Hence,  new  algorithms  were 
required  for  residual  mass  debris  distribution,  residual  debris  velocity  disuibution,  and  residual  debris 
spread  angle. 

Residual  Mass  Algorithm 

Impact  obliquity  (at  these  high  angles)  is  the  dominant  factor  in  determining  the  mass  loss  mechanisms 
of  the  projectile.  In  the  tests,  the  residual  projectile  mass  was  determined  indirectly  from  witness  plate 
data  subject  to  several  uncertainties  as  explained  in  Section  II.  Nevertheless  the  data  given  m  Table  1 
provided  a  clear  U'end  for  the  velocity  range  of  4-7  km/s  and  indeed  it  could  be  fitted  by  a  regression  form 
independent  of  impact  velocity  as  shown  in  Figure  6. 


where: 


(sin0)'* 

ntg  is  the  total  residual  debris  mass 

is  the  original  fragment  mass  prior  to  impact 
6  is  the  strike  angle 


(4.1) 


The  hydrocode  results  obtained  for  a  larger  velocity  range  also  supported  the  trend  observed.  Thus  a 
decision  was  made  to  use  Equation  4.1  to  model  residual  debris  mass  in  the  KNAPP  code  for  all  impact 
velocities  studied  and  not  to  investigate  further  refinements. 


Residual  Velocity  Algorithm 


Based  on  the  hydrocode  studies  conducted  for  a  wide  range  of  cas  (see  Table  3),  an  average  residual 
velocity  algorithm  was  developed.  This  model  is  given  by  the  relationship 


_  I  0  07 
Vo  (sin^y^ 


(4.2) 


S(t*a  Angle  (dag) 


Fig.  6.  Residual  mass  algorithm. 


Fig.  7.  Comparison  of  residual 

velocity  algorithm  with  test 
data  for  10/64  gram 
projectile. 


4-1 
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Based  only  on  a  best  fit  to  hydrocode  results,  this  model  is  completely  empirical  in  nature.  An  effort  was 
made  to  check  this  model  against  the  residual  velocity  data  obtained  during  the  tests.  Figure  7  presents  a 
plot  of  predictions  based  upon  Equation  (4.2)  with  the  minimum  and  maximum  residual  velocity  data 
given  in  Table  1  for  10/M  gram  fragments  impacting  at  velocities  from  4  to  7  km/s.  Again,  the 
correlation  of  model  with  data  is  quite  good.  Note  that  neither  model  nor  data  show  any  significant 
dependence  on  initial  impact  velocity.  Thus,  it  was  decided  to  use  this  model  fcv  all  impact  velocities  in 
this  study. 


Residual  Debris  Spray  Angle 

Results  from  the  tests  and  the  hydrocode  studies  were  examined  to  determine  the  spray  angle  for  the 
debris  coming  off  the  back  of  the  double  layer  target  The  measured  spread  angles  were  very  small  for  all 
cases,  with  only  a  slight  variation  with  impact  velocity  noted.  For  this  modeling  effort,  it  was  decided 
to  treat  the  spray  angles  as  independent  of  impact  velocity  and  strike  angle.  Errors  caused  by  this 
assumption  should  be  small.  The  values  chosen  are  as  follow: 

Fragment  Mass  Half  Cone  Angle 

10/64  grams  4° 

5/64  grams  2.5° 

Figure  8  presents  typical  witness  plate  hole  data  and  circles  which  represent  various  debris  half  cone 
angles.  For  this  case  (Test  1201),  each  of  the  twenty  largest  debris  particles  and  78%  of  all  debris  mass 
impacted  within  the  4°  degree  half  cone  angle.  These  values  are  smailer  than  the  hydrocode  results  given 
in  Table  3.  However  the  hydrocode  results  did  include  the  outlying  fragments. 


TEST  1203 


Fig.  8.  Comparison  of  residual  Fig.  9.  A  sample  bi-exponential  fit 

debris  hole  data  from  shot  to  fragment  mass  data. 

4-1201  with  various  half 
cone  angles. 
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Fragment  Mass  Distribution 

The  breakup  of  a  fragment  upon  impact  on  a  plate  at  velocities  above  4  km/s  is  an  area  of  intense 
interest  today  in  the  hypervelocity  impact  community.  Modeling  efforts  based  upon  the  mechanics  of 
the  impact  event  have  only  recently  been  started.  Some  of  the  most  notable  work  today  is  being 
conducted  by  Grady  of  the  Sandia  Laboratory.  His  work,  highlighted  in  [S],  was  used  as  the  basis  for 
much  of  the  modeling  effort  discussed  herein. 

In  Grady  and  Kipp's  work  [6],  it  was  found  that  exponential  cumulative  mass  distribution  functions  are 
efficient  tools  of  debris  characterization.  A  disuibution  due  to  a  single  uniform  fragmentation 
mechanism  can  be  given  by 


Nim)  =  N^  exp(-m  /  )  (4.3) 

where  N(m))  is  the  number  of  fragments  with  mass  larger  than  m,  mg  is  the  average  fragment  mass,  Nq 
is  the  total  number  of  fragments  and  Nq  x  ma  =  mo  is  the  total  fragmenting  mass.  In  order  to  estimate 
the  average  mass,  ma,  one  can  utilize  a  Grady  type  energy  balance  formula  (5], 

=f(KJpCe.) 


where: 


K,^  is  the  critical  dynamic  fracture  toughness  parameter 
p  is  the  projectile  density 
C  is  the  speed  of  sound  in  the  projectile  material 
£q  is  the  strain  rate  in  the  material  at  failure 


For  our  case  of  a  chunky  tungsten  fragment  impacting  a  thin  plate,  the  following  functional  form  was 
assumed  for  this  relationship. 


d,  =(aKJpCi,f'’ 


(4.4) 


where:  p  =  ITg/cm^ 

C  =4  km/s 


a  =  (20)J/2 


The  actual  value  of  Kje  is  not  easy  to  obtain.  It  is  known  to  be  a  function  of  the  saain  rate  but  the 
relationship  is  not  well  characterized. 


Grady  and  Kipp  has  also  determined  that  for  a  given  impact,  the  debris  particles  may  fall  into  several  size 
ranges,  depending  upon  the  dominant  breakup  mechanisms.  In  his  model,  each  range  of  debris  masses 
can  be  represented  by  an  exponential  distribution.  For  our  case,  all  experimental  data  could  be  curve- 
fitted  by  bi-exponential  distributions  as  shown  in  Figure  9.  Hence  it  was  assumed  that  the  overall  debris 
mass  could  be  described  by  a  double  exponential  distribution.  The  resulting  model  took  the  form 

yV(m)  =  A(,exp(-m/m^)  +  A^,exp(-m/m^)  (4.5) 


where; 


N{m)  =  Number  of  fragments  with  mass  larger  than  m 
=  Approximateaverageof  larger  fragments 
m,  =  Approximate  average  of  smaller  fragments 

Nf  +  N^  =  Number  of  fragments  in  each  category 
N,  =  Total  number  of  fragments  =  Nf  +  N^ 

rrii  =3  trig  (as  indicated  by  data) 

(as  indicated  by  data) 
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In  order  to  reduce  the  number  of  free  parameters  a  specific  partition  of  small  and  large  particles  needed  to 
be  assumed.  The  particular  assumption  given  below  was  based  on  an  examination  of  all  data  sets.  A 
similar  partition  for  tungsten  fragments  were  also  observed  in  [7].  Hence: 


=  N,/6 

N. 

= 

II 

X 

-  residual  mass 

=  0.6  m. 

=  average  mass 

In  the  application  of  this  model  to  the  present  case,  a  number  of  the  values  had  to  be  obtained  from  the 
residual  mass  data  discussed  earlier  in  this  section.  Once  these  values  were  known,  the  exact  models  were 
formulated. 


Average  Fragment  Mass 

The  average  fragment  mass  needed  to  solve  Equation  (4.5)  must  be  obtained  by  substituting  proper 
values  of  the  fracture  toughness  strength  and  the  average  strain  rate  during  breakup  into  Equation  (4.4). 
The  first  debris  data  analyzed  in  detail  was  that  obtained  for  Shot  4-1199.  This  was  the  case  of  a  10/64 
gram  fragment  impacting  at  a  velocity  of  6  km/s  and  a  strike  angle  of  45  degrees.  A  hydrocode  run  for 
this  case  found  an  average  value  for  su-ain  rate  of  1.52  x  lO^/s.  For  this  case,  the  fracture  toughness  for 
the  tungsten  material  was  assigned  to  have  the  value 

K,^=20(MPa  m''^) 

As  stated  earlier,  this  value  is  only  approximate  and  considering  the  uncertainty  due  to  strain  rate  effects, 
it  is  not  too  far  from  the  reported  value  of  (5-11)  MPa  m^^  in  [7]. 

With  these  two  values  determined,  Equation  (4.4)  was  solved  for  the  average  diameter  of  a  debris  particle 
For  the  tungsten  material  used  in  this  program  this  results  in  an  average  fragment  mass,  ma,  value  for 
Shot  4- 1199  of 


m,=4jcl0^g 


Based  upon  various  su-ain  rate  trends  obtained  from  empirical  hydrocode  runs  of  many  of  the  other  tests,  a 
general  relationship  for  average  fragment  mass  was  developed.  This  relationship  is  as  follows: 


= 


1.15- 


0.075 

(sin^)^ 


.07-0.3 


10/64 


x4xl0^g 


(4.6) 


It  should  be  noted  that  this  simple  relationship  reduces  to  the  value  given  above  for  Shot  4-1199. 
Formula  (4.6)  reflects  the  expected  trends:  average  mass  decreases  with  higher  impact  velocities  (larger 
€),  higher  obliquities  (more  erosion),  and  smaller  mass  (more  shock  wave  effects). 


Quarter  Scale  Fragment  Mass  Distribution 

Equations  (4.5)  and  (4.6)  can  now  be  substituted  into  Equation  (4.7)  to  obtain  the  debris  mass 
distribution  for  any  of  the  cases  tested.  The  data  for  most  of  the  tests  given  in  Table  1  were  plotted  on 
semi-log  graphs  to  better  display  the  mass  distribution.  These  plots  are  presented  in  Figure  10 


Full  Scale  Fragment  Mass  Distribution 

Equations  (4.4)  thru  (4.6)  were  developed  for  modeling  the  quarter  scale  fragment  impact  cases  of  interest 
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in  this  program.  Since  the  models  are  somewhat  empirical  in  nature,  further  thought  was  needed  to 
determine  how  to  use  these  relationships  to  predict  full  scale  debris  disuibutions.  As  stated  earlier,  all 
quarter  scale  projectiles  and  targets  were  replica  scaled  models  of  the  full  scale  versions.  Thus,  the 
overall  debris  cloud  characteristics  would  be  expected  to  scale  acccvdingly.  However  the  strain  rale  effects 
preclude  exact  geometric  scaling  in  full  scale  since  the  strain  rate  is  only  one  fourth  of  that  for  the  quarter 
scale  ( £  =  dV/dx).  Hence  by  the  average  mass  formula  (4.4) 

(4.7) 

The  average  mass  in  full-scale  would  be  16  times  larger  if  Kic  were  to  be  independent  of  the  strain  rate. 
However,  Kjc  increases  strongly  with  strain  rates,  especially  at  high  strain  rates  £  of  10^  -  10^.  Thus  an 
eight-fold  increase  in  average  mass  could  be  a  more  realistic  expectation  for  full  scale  impacts.  With  this 
assumption  and  noting  also  that  the  full  scale  projectile  mass  is  64  times  larger,  one  can  also  deduce  that 
there  will  be  8  times  as  many  fragments  in  the  full-scale  case  compared  to  the  quarter  scale. 


CONCLUSIONS 

The  simple  models  given  in  Section  IV  leave  out  several  second  order  effects.  Nevertheless  the  model  is 
validated  by  the  agreement  shown  in  Figure  10.  It  is  valid  for  the  intended  parameter  space  and  provides 
a  very  useful  condensed  representation  of  the  data  and  supporting  hydrocode  results.  The  model  coupled 
with  KNAPP  shotline  analysis  provides  a  first  order  design  feedback.  The  simulations  yielded  extensive 
detail  about  the  early  debris  evolution.  We  extrapolated  a  fragment  model  using  an  average  projectile 
strain  rate.  Of  course  this  methodology  could  be  improved  by  incorporating  local  strain  rate 
heterogeneities. 

The  current  effort  was  able  to  coordinate  experimental  and  hydrocode  analysis  tightly  and  hence  illustrate 
the  efficiency  of  a  hybrid  abroach.  As  data  from  similar  studies  accumulate  (e.g.  [7])  they  would  serve 
as  input  to  a  more  comprehensive  theoretical  debris  analysis  framework. 
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ABSTRACT 

Much  recent  data  from  the  Long  Duration  Exposure  Facility  (LDEF)  have  confirmed  that  for  multiyear 
periods  in  LEO  many  satellite  surfaces  (especially  the  RAM)  will  be  subjected  to  significant 
bombardment  by  small  particles  in  the  I  to  100  micron  size  domain.  These  particles  are  both 
micrometeoroids  and  man-made  debris.  Of  interest  is  the  consequential  effects  on  precision  surfaces  such 
as  high-resolution  optics.  The  damage  produced  does  not  necessarily  seriously  downgrade  the  reflectivity 
(for  mirrors)  or  transmissivity  (for  lenses),  but  can  significantly  worsen  optical  scatter.  Since  many 
optics  are  not  simple  metal  mirrors,  for  which  the  major  response  is  near-hemispherical  cratering,  but 
frequently  comprise  brittle  dielectrics  (including  multilayer  coatings)  which  suffer  conchoidal  cratering, 
star  cracking  and  interlayer  differential  delamination,  the  correlation  between  the  induced  mechanical 
damage  and  the  resulting  optical  scatter  is  complex.  An  approach  is  given  which  attempts  to  analytically 
predict  the  material  damage  modes  for  various  impact  conditions,  and  also  correlate  this  damage  with 
optical  scatter. 


INTRODUCTION 

With  man's  ever  increasing  activity  in  space  an  issue  has  arisen  concerning  the  problem  of  impacts  on 
space  assets  due  to  either  the  naturally  occurring  micrometeoroids  or  man-made  debris.  Both  species 
of  particles  cover  a  large  range  of  sizes,  from  sub-micron  to  many  centimeters,  and  for  each  species  the 
relative  number  of  particles  rapidly  increases  with  decreasing  particle  size.  The  micrometeoroids 
approach  the  earth  from  all  directions  with  a  mean  collision  speed  of  about  20  km/s  (ranging  from  a 
low  of  a  few  km/s  to  a  high  of  about  79  km/s).  These  particles  undergo  a  one-shot  pass  of  the  earth, 
since  they  are  in  orbit  around  the  sun.  The  mean  density  of  micrometeoroids  is  about  0.5  g/cm^, 
although  there  is  a  small  component  of  higher  density  asteroidal  matter  (8.0  g/cm^).  The  man-made 
debris  is  assumed  to  be  mostly  in  pseudo-circular  orbits  about  the  earth,  with  a  mean  collision  sp>eed  of 
about  10  km/s  (range  from  about  zero  for  similar  orbits  to  almost  16  km/s  for  counter  orbits).  The  debris 
is  primarily  aluminum,  but  also  comprises  alumina  (fuel  pellets)  and  high  density  remnants  of  damaged 
satellites,  rocket  boosters,  sundry  bolts  and  lens  caps,  etc..  Full  details  of  the  micrometeoroid  and  debris 
models  are  given  in  Cour-Palais  (1969)  and  Kessler  (1988),  respectively. 

Historically  much  emphasis  has  been  given  to  the  problem  of  catastrophic  collisions  due  to  the  larger 
particles  (>  1 .0  cm  diameter)  with  satellites.  However,  these  large  particles  constitute  a  relatively  low 
flux  (potential  hits  per  m^  per  unit  time),  and  much  of  the  analysis  is  concentrated  on  the  Poissonian 
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probability  of  impacts  occurring  on  a  given  body.  More  recently  attention  is  being  devoted  to  the 
problems  associated  with  the  much  higher  flux  of  the  small  particles  (especially  in  the  1  to  100  micron 
range).  These  latter  can  cause  surface  erosions  of  critical  components  such  as  optical  surfaces. 

This  paper  addresses  the  issue  of  surface  erosion  of  optical  components,  and  considers  the  nature  of  the 
impact  damage  and  the  first-order  estimates  of  induced  optical  scatter.  The  studies  are  of  interest  to  the 
hypervelocity  impact  community  since  they  involve  the  problems  of  fragmentation,  cratering  and 
cracking  logic,  in  addition  to  the  estimates  of  optical  scatter. 

In  order  to  assess  impact  damage  we  have  incorporated  the  existing  micrometeoroid  and  debris  models 
into  a  computer  program  called  SPENV.  This  code  allows  predictions  of  the  expected  impact  fluences 
(hits  per  area)  as  functions  of:  satellite  time  on  orbit,  orbital  inclination,  altitude  and  the  direction  of  a 
given  surface  of  the  satellite  relative  to  the  velocity  vector  (e.g.  RAM,  SPACE,  EARTH,  SIDES  and 
TRAIL).  The  code  has  been  benchmarked  versus  the  recent  LDEF  data,  giving  agreement  to  better  than 
a  factor  of  three.  LDEF  was  at  an  altitude  of  475  km,  with  inclination  of  28.5  degrees,  and  flew  for  5.75 
years.  A  large  amount  of  impact  data  is  steadily  being  gleaned  from  this  experiment  including  cratering, 
perforations,  and  delaminations  and  star-cracking  in  brittle  materials. 

In  order  to  more  accurately  determine  the  responses  for  altitudes  near  and  above  1000  km,  it  is  necessary 
to  modify  the  Kessler  model  fcr  orbital  debris.  This  modification  has  been  incorporated  into  the  SPENV 
computer  program  using  the  ratio  of  US  Space  Command  data  versus  the  normal  Kessler  model.  The 
underlying  assumption  for  this  modification  is  that  the  small  debris  distribution  tends  to  follow  that  of 
the  larger  (>  10  cm),  trackable,  debris.  This  assumption  has  been  borne  out  by  the  LDEF  data  at  500 
km,  and  is  assumed  for  the  higher  altitudes. 


FRAGMENTATION 

When  bodies  undergo  hypervelocity  impacts  it  is  experimentally  observed  that  the  fragments  usually 
display  a  fx)wer-law  (i.e.  fractal)  distribution  for  the  remnants  of  the  form: 

N(>m)  =  a(M/m)^  (1) 

where  N  is  the  cumulative  number  of  fragments  of  mass  m  or  greater,  M  is  the  original  total  mass,  and 
a  and  P  are  constant  coefficients.  Typically,  the  experimental  value  of  P  is  about  0.75.  Assuming 
constant  density  and  spherical  particles  the  distribution  becomes: 

N(>d)  =  a(D/d)*P  (2) 

where  D  is  the  initial  body  diameter,  and  d  is  the  fragment  diameter.  Thus  3P  =  2.25.  This  value  is 
very  close  to  the  suggested  index  value  of  2.5  used  in  the  Kessler  debris  model  to  describe  the  small  (<1 
cm)  particle  distribution. 

Assuming  the  power  law  applies  from  the  largest  remnant  to  very  small  ones,  then  in  order  to  conserve 
total  mass  we  require: 

(1/a)  =  (p/(l-P))^  which  implies  m(l)  =  M  (l/a)  ''^  (3) 

Thus  for  P=  0.75  we  have  a  =  0.4387  and  m(l)  =  0.3334  M  (or  d(l)  =  0.693  D)  for  the  largest 
remaining  fragment.  To  fit  the  Kessler  model  (i.e.  3p  =  2.5)  we  require  a  =  0.2615,  and  m(l)  =  0.2 
M  (or  d(l)  =  0.585  D).  It  should  be  noted  that  the  Kessler  model  is  primarily  based  on  an  interpolation 
between  small  particle  (<  10  micron)  perforations  observed  on  satellites  (including  Solar  Max)  and  the 
radar-observable  larger  particles  (>  5  cm),  although  the  LDEF  data  is  presently  in  agreement  with  the 
model  to  within  the  accuracies  of  interpretation.  This  fact  suggests  that  a  significant  portion  of  the  small 
particle  population  is  itself  caused  by  continual  collisional  fragmentation. 
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CRATERING  DATA  AND  LOGIC 

A  large  portion  of  the  data  from  LDEF  consists  of  impact  craters,  especially  in  the  aluminum  structure. 
The  particle  flux  models  describe  numbers  of  particles,  however.  To  relate  the  two  it  is  necessary  to 
invoke  a  scaling  law  for  cratering.  To  date  the  SPENV  code  has  invoked  the  simplest  of  the  scaling 
laws,  namely  the  "energy  law",  which  predicts; 

d,;  =  const  (  pp/p^  u^dp  (4) 

where  d^  is  the  crater  diameter,  dp  is  the  particle  diameter,  p  refers  to  the  density  of  particle  or  target, 
and  u  is  the  impact  speed  normal  to  the  target  surface,  while  the  constant  is  a  normalizer  based  on 
experimental  impact  data  of  aluminum  into  aluminum.  To  date  this  simple  law  gives  a  reasonable  fit 
to  the  LDEF  data  in  collaboration  with  the  existing  micrometeoroid  and  debris  models. 

Most  other  scaling  laws  (e  g.  those  by  Cour-Palais  (1969),  McDonnell  and  Sullivan  (1984,1991),  etc)  are 
similar  to  the  one  above,  but  frequently  differ  in  the  values  of  the  power  indices.  Changes  in  the  latter 
will  merely  linearly  shift  the  "crater  count"  versus  the  "particle  count"  when  drawn  in  the  form  of 
cumulative  hits  per  area  against  size  of  crater  or  particle.  Since  all  the  scaling  laws  invoke  low  indices 
(<  1)  for  sensitivities  versus  density  and/or  impact  speed,  the  corresponding  shifts  in  the  predictions  are 
within  the  uncertainties  of  the  LDEF  data.  Supralinearity  has  been  experimentally  observed,  such  that 
the  crater  size  increases  more  rapidly  than  the  particle  size,  all  other  factors  remaining  constant.  The 
most  widely  used  superlinear  term  is  in  the  form  of  dp'  in  place  of  the  simple  dp  term.  Use  of  this 
term  will  produce  a  "skew"  to  the  data,  but  for  such  a  small  non-unity  index  the  shiR  is  well  within  the 
uncertainties  of  the  LDEF  interpretation. 

Another  uncertainty  is  the  use  of  the  "cosine  rule",  which  is  generally  assumed,  and  which  relates 
cratering  only  to  the  component  of  impact  velocity  normal  to  the  target  surface.  For  the  lower  impact 
speeds  the  material  response  is  dependent  on  momentum  and  thus  obeys  the  cosine  rule,  at  least  partially. 
For  the  higher  impact  speeds  the  response  is  dependent  on  energy,  and  it  is  by  no  means  clear  that  the 
cosine  rule  applies  (surface  "explosions"  do  not  depend  on  direction  of  arrival).  Interestingly,  although 
the  particle  flux  models  imply  very  infrequent  normal  impacts,  the  majority  of  LDEF  craters  are  very 
close  to  hemispheres  (likewise  most  of  the  craters  on  the  moon  are  also  closely  hemispherical!).  The 
effect  of  modifying  the  cosine  rule  will  also  produce  a  shift  in  the  LDEF  interpretation.  However,  we 
have  not  yet  investigated  tliis  effect. 


Fractional  Area  Damage 

To  estimate  the  degree  of  areal  damage  we  need  to  know  the  impact  fluences.  Figures  1  through  4  give 
predictions  of  cumulative  impacts  per  area  of  surface  versus  particle  size  and  crater  size,  for  an  altitude 
of  1000  km,  orbit  inclination  of  60  degrees  and  two  satellite  surface  orientations  of  RAM  and  EARTH. 
The  assumed  period  in  orbit  is  6  years  starting  in  1996.  To  estimate  the  fractional  damage  areas  we  first 
differentiate  the  cumulative  impact-versus-size  function,  multiply  the  function  by  the  corresponding  areas 
of  the  damage  regions  (e  g.  craters),  and  then  reintegrate. 

For  example,  if  the  cumulative  number  (CN)  =  A  /  D"  hits  per  area  for  particles  greater  than  diameter 
D,  with  A  a  constant,  and  n  the  power  index,  then  it  can  be  shown  that  the  corresponding  fractional  area 
damage  is  given  by: 

Fractional  area  =  (Jt  /  4)  x  k*  x  (n  /(n-2))  x  A  /  D"'*  (5) 

where  k  is  the  ratio  of  the  crater  diameter  to  the  impactor  diameter.  For  the  case  of  small  debris  (less 
than  1  cm),  n  has  the  value  of  2.5  for  debris.  The  above  equation  can  then  be  rewritten: 

Fractional  area  =  (ti  /  4)  x  k’  x  5  x  CN(j,,„i,)  x  (6) 


Number  of  lmpacts/m''2  m  Number  of  Impacts/m-2 
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1000  km  at  60  degree  inclirtation,  1996-2002:  RAM 
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1.  Cumulative  Impacts  vs.  Particle  Size  (RAM). 


1000  km  at  60  degree  inclination,  1996-2002:  RAM 
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Fig.  2.  Cumulative  Impacts  vs.  Crater  Size  (RAM). 
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1000  km  at  60  degree  inclination,  1996-2002:  EARTH 
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.  3.  Cumulative  Impacts  vs.  Particle  Size  (EARTH). 
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Fig.  4.  Cumulative  Impacts  vs.  Crater  Size  (EARTH). 
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The  value  depends  on  since  n  is  greater  than  2.  To  consider  a  specific  case,  we  calculate  the 
fractional  area  of  erosion  for  the  RAM  surface  for  the  case  of  an  altitude  of  1000  km.  and  inclination 
of  60  degrees.  For  this  case  k  =  7.0.  Assuming  that  craters  of  size  down  to  about  1  micron  are 
important  (this  is  comparable  to  operating  wavelengths,  and  the  thicknesses  of  quarter-wave  dielectric 
optical  layers),  we  obtain: 

Fractional  area  =  7.3  x  lO"^  ,  i.e.  about  0.1  percent. 

This  is  a  significant  amount  of  erosion,  and  can  be  expected  to  produce  significant  optical  scatter,  as 
discussed  below.  Note,  however,  that  the  LDEF  data  has  indicated  that  the  Kessler  model  is  tending  to 
over-predict  the  debris  population  at  the  smaller  sizes.  Consequently,  the  above  estimate  is  probably  too 
large,  by  perhaps  a  factor  of  three  (the  error  would  be  much  larger  if  an  attempt  was  made  to  include 
sub-micron  debris  particles).  However,  the  above  calculation  is  only  for  man-made  debris,  and  the 
micrometeoroids  will  also  contribute,  though  to  a  smaller  degree.  LDEF  itself  indicated  areal  erosions 
of  less  than  1  percent  for  pure  cratering,  on  the  thermal  control  materials  facing  into  the  RAM. 
However,  if  the  damage  zone  includes  other  related  effects  (spalling  of  paint  coats,  radial  star  cracking) 
then  the  fractional  area  affected  increases  rapidly  since  these  effects  increase  the  value  of  the  k  term. 


OPTICAL  SCATTER  FOR  CRATERS 

The  computations  of  the  cumulative  hit  rate  (per  square  meter)  show  the  impact  fluence  versus  impactor 
diameters  for  differing  spacecraft  surface  orientations.  These  data  are  augmented  with  information  versus 
crater  sizes.  From  the  latter  it  is  possible  to  establish  first-order  estimates  of  increases  in  optical  scatter. 
This  is  done  by  determining  the  equivalent  "contamination  level"  as  defined  in  MIL-STD  1246A.  Young 
(1976)  has  already  performed  both  experiments  and  computations  (using  Mie  theory)  to  derive  increases 
in  the  Bidirectional  Reflection  Distribution  Function  (BRDF,  per  steradian)  as  functions  of  contamination 
levels  for  small  particles  on  mirror  surfaces.  Thus  by  finding  the  "equivalent"  conditions  (assuming 
craters  scatter  in  a  similar  maimer  to  spheres  on  a  mirror)  it  is  possible  to  derive  the  BRDF  as  functions 
of  wavelength  and  cratering  for  any  chosen  spacecraft  surface. 

Figure  5  illustrates  the  MIL-STD  1246A  data  plotted  on  the  same  scales  as  used  for  the  cumulative 
impacts  (per  area)  versus  crater  sizes.  Note  that  each  "level"  plot  curves  over  as  the  size  decreases 
(rather  like  the  behavior  for  micrometeoroids),  and  that  this  tendency  to  asymptote  is  most  obvious  for 
the  lower  "levels".  For  reference,  note  that  the  meaning  of  "level"  is  that  the  distribution  is  one  for 
which  there  is  one  particle  per  square  foot  of  surface  area  (equal  to  10.76  per  m^  of  size  "level"  microns 
diameter  (e.g.  "200"  means  there  is  one  particle/ft*  of  diameter  200  microns).  The  data  from  Fig.  5  is 
compared  to  each  of  the  impact-versus-crater  plots,  and  a  mean  estimate  of  equivalent  contaminant  level 
is  obtained.  Clearly,  since  the  two  groups  of  data  do  not  have  the  same  power  index,  there  is  no  unique 
solution.  However,  optical  scatter  will  be  dominated  by  the  larger  craters,  and  so  the  "best"  definition 
of  equivalent  "level"  is  found  by  matching  the  data  at  the  larger  sizes. 

As  an  example,  consider  the  data  for  the  RAM  with  altitude  1000  km  and  inclination  of  60  degrees.  The 
predictions  for  debris  give  about  10.76  impacts/m^  for  craters  of  diameter  about  0.100  cm  (1000 
microns),  while  for  micrometeoroids  the  corresponding  size  is  about  0.06  cm  (600  microns).  Thus  the 
equivalent  MIL-STD  levels  are  about  "1000"  and  *600"  for  the  two  particle  species.  However,  the 
predictions  for  cratering  "slew"  across  the  MIL-STD  plots,  such  that  for  craters  of  size  10  microns  the 
corresponding  "levels"  are  about  "400"  and  *100"  respectively.  Reference  to  the  work  of  Young,  allows 
BRDF  values  (near  zero  degrees  off  specular)  to  be  estimated.  For  a  working  wavelength  of  S  microns 
these  are; 

For  debris  BRDF  =  10.0  ("level"  1000)  to  0.10  ("level"  400) 

For  meteoroids  BRDF  =  0.78  ("level"  600)  to  1.0  x  10"*  ("level"  100) 

For  the  EARTH  direction,  however,  the  corresponding  crater  size  is  about  250  microns  (level  "250")  with 
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Fig.  5.  Contamination  Data  Definition. 
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a  slew  to  level  ”50”  for  10  micron  craters,  and  applies  only  to  micrometeoroids  (since  Kessler's  model 
does  not  allow  impacts  on  the  Earth-facing  surface).  At  5  micron  wavelength  the  corresponding  scatter 
is: 

For  meteoroids  BRDF  =  9.8  x  10'’  (”lever  250)  to  3.1  x  10"*  (”lever  50) 

Clearly,  the  RAM  surface  suffers  from  far  more  scatter  than  does  the  EARTH  surface. 

Scrutiny  of  Young's  data  reveals  that  his  results  can  be  approximately  fitted  by: 

BRDF  =  2.5  X  10  '^  x  (level)’  /  X."  (7) 

for  near-specular  scatter,  with  the  wavelength  in  microns.  Note  the  rapid  escalation  in  the  scatter  as  the 
"level"  increases. 

An  alternative  approach  to  estimating  the  scatter  is  as  follows.  The  fundamental  relationship  for  scatter 
from  craters  (assumed  the  same  as  from  spheres)  is: 

BRDF  =  7i'  X  D’  X  N  /16  X"  (8) 

where  D  is  the  crater  diameter,  N  is  the  number  of  craters  per  unit  area,  and  X  is  the  operating 
wavelength.  By  first  difTerentiating  the  function  describing  the  cumulative  impact  rate  (per  area), 
multiplying  by  D^,  and  re-integrating,  we  obtain  the  BRDF  for  the  overall  distribution. 

Since  both  the  micrometeoroid  and  debris  cumulative  impacts  obey  the  form,  cumulative  number  =  D"*, 
the  result  is: 


BRDF  =  7t^  X  (n/(4-n))  x  k‘  x  x  D„„'  /1 6  X^  (9) 

where  n  is  the  power  index  describing  the  cumulative  number  of  impacts  versus  particle  size  (in  the 
neighborhood  of  the  value  of  D„^,  k  is  the  ratio  of  crater  diameter  to  particle  diameter  (D),  CN  is  the 
predicted  cumulative  hit  rate,  and  X  is  the  wavelength. 

The  above  equation  involves  the  quantity  D„„,  which  is  the  largest  particle  diameter  to  be  used  in  the 
calculation.  To  determine  the  latter,  we  apply  the  following  logic:  if  there  is  less  than  one  (1)  impact 
on  the  given  optic,  then  there  is  no  longer  a  meaningful  definition  of  N,  the  areal  impact  density.  Thus 
knowing  the  area  of  the  optic,  we  compute  the  corresponding  hits  per  meter.  Referring  to  the  predicted 
cumulative  impact  data  versus  particle  size,  we  determine  the  value  of  D„„. 

As  an  example,  consider  an  optic  of  area  100  cm^.  For  one  crater,  we  have  an  areal  density  of  100  per 
m^  (or  0.01  per  cm’  ),  and  thus  this  defines  CNp„^.  For  debris,  n  =  2.5,  and  k  =  7.0  (for  the  RAM 
surface).  Reference  to  the  purlicle  plots  o.  impacts  on  the  RAM  surface  for  the  1000  km,  60  degree 
orbit,  gives  the  value  D„„  =  70  microns  for  debris.  For  micrometeoroids,  n  =  3.0,  and  k  =  3.8,  and  D„„ 
=  70  microns  also. 

Substituting  into  the  equation  for  scatter  (at  5  micron  wavelength),  we  obtain: 

For  debris  BRDF  =  0.24  For  meteoroids  BRDF  =  0.037 

For  the  EARTH  looking  surface,  we  have  n  =  2.7,  k  =  3.25,  and  D„„  =  25  microns,  and  only 
micrometeoroids  apply.  Thus  we  obtain  (for  5  micron  wavelength):  BRDF  =  2.2  x  lO’’ 

Thus,  once  more,  the  scatter  for  the  RAM  surface  is  much  greater  than  for  the  EARTH  surface.  This 
effect  is  seen  in  Fig.  6,  which  shows  computed  scatter  as  a  function  of  angle  around  the  satellite  (in  the 
plane  parallel  to  the  Earth's  surface)  as  well  as  the  SPACE  and  EARTH-looking  directions.  Telescope 
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shroud  shielding  has  not  been  included  for  these  calculations,  but  will  decrease  all  scatter  values. 

Although  none  of  the  above  quotes  for  scatter  can  be  considered  precise,  both  approaches  yield  similar 
values  (especially  if  the  larger  "level"  quotes  are  used),  suggesting  the  scatter  for  the  RAM  surface  is 
enormous  compared  to  that  for  the  EARTH  looking  surface. 

The  data  of  Young  gives  BRDF  as  functions  of  off-specular  angle.  Inspection  of  these  data  reveal  that 
the  BRDF  rapidly  decreases  over  the  range  0  to  10  degrees,  and  then  follows  a  pseudo-exponential  law 
for  larger  angles.  To  a  reasonable  approximation,  the  data  for  large  angles  (>  20  degrees)  is  given  by: 

BRDF  =  5.4  X  10  ”  x  (level)’  x  exp(-8.91  x  10'^  x  degrees)  /  (10) 

By  integrating  Young's  data  for  BRDF  versus  off-specular  angle,  the  total  integrated  scatter  (TIS)  can 
be  obtained.  A  simple  graphical  integration  gives: 

TIS  =  2.2  X  10  ’  X  BRDF(  0  degrees),  or  TIS  =  5.5  x  lO  ”  x  (level)’  /  X’  (11) 

with  X  in  microns.  Note  that  for  BRDF  (  0  degrees)  >  455,  this  implies  scatter  greater  than  the  input, 
which  is  obviously  nonsense.  The  conclusion  is  that  for  the  larger  degrees  of  scatter,  the  BRDF  versus 
angle  data  must  change  its  form,  versus  the  lower  cases  (Young  only  presented  data  for  contamination 
levels  of  500  and  below).  Thus  extrapolation  of  Young's  data  becomes  suspect  for  large  degrees  of 
scatter.  However,  the  estimates  of  scatter  for  the  RAM  surface,  quoted  above,  are  not  within  this 
uncertain  region. 


Brittle  Material  Response 

All  of  the  above  pre-supposes  that  the  optic  behaves  as  if  a  metallic  mirror  with  simple  hemispherical 
craters.  In  reality,  many  mirrors  (or  lenses)  are  made  of  dielectrics  and  employ  multiple  thin  layers 
(quarter-wave  optical  phasing  logic).  These  materials  are  usually  brittle.  Upon  hypervelocity  impact, 
the  damage  consists  of  irregular  craters  with  conchoidal  surfaces,  surrounded  by  star-cracks  which  can 
extend  up  to  about  50  times  the  size  of  the  impacting  particle.  To  assess  the  optical  scatter  for  these 
conditions  it  is  necessary  to  invoke  the  thet  y  of  dielectric  needles  or  cylinders  as  done  by  Van  de  Hulst 
(1957,  1981). 

The  evidence  from  LDEF  indicates  that  impacts  into  brittle  materials  produce  craters  similar  to  those  for 
ductile  materials.  However,  the  morphology  is  different,  with  the  smooth-surface  craters  for  ductile 
targets  being  replaced  by  a  conchoidal,  multi-crack  surface  for  brittle  targets,  which  is  much  rougher. 
Additionally,  whereas  ductile  targets  frequently  display  lips  around  the  craters  which  stand  proud  of  the 
initial  surface,  brittle  targets  frequently  do  not  (presumably  because  the  equivalent  lip  material  was  also 
brittle  and  cracked  off).  The  other  major  difference  is  that  brittle  targets  frequently  display  radial  star 
cracking,  with  several  (about  4  on  average)  cracks  propagating  away  from  the  impact  point  over  distances 
of  up  to  50  times  the  diameter  of  the  impactor.  Little  systematic  study  has  been  done  to  date  on  these 
star  cracks,  though  the  work  is  ongoing  by  Jean-CIaude  Mandeville  in  France,  a  member  of  the  LDEF 
Micrometeoroid  and  Debris  Special  Investigative  Group  (M&D  SIG). 

For  the  purpose  of  predicting  cratering,  the  accepted  meaning  of  a  crater  diameter  is  the  value  at  the 
original  target  surface.  However,  the  ductile  target  craters  with  lips  can  be  about  50%  larger  if  the 
diameter  across  the  highest  portion  of  the  lips  is  measured,  and  up  to  100%  larger  if  the  total  diameter 
across  the  complete  lip  pattern  is  included.  The  previous  methodology  for  computing  fractional  area 
damage  did  not  account  for  these  lips.  If  lips  are  included  in  the  definition  of  areal  damage,  the  values 
can  clearly  be  up  to  4  times  as  large,  since  area  is  proportional  to  the  square  of  the  size  of  the  region 
considered.  The  inclusion  of  lips  also  has  a  large  impact  on  the  value  of  optical  scatter  owing  to  the  k’ 
term. 
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Although  there  are  several  existing  scaling  laws  describing  simple  cratering  there  are  none,  to  our 
knowledge,  describing  the  behavior  of  star  cracks  in  brittle  materials.  Accordingly,  we  have  formulated 
a  possible  equation  describing  them.  This  equation  is; 


rjr^  =  (p'7t/Kj“^  (c/c/ V  r/^  (12) 

where  r^  is  the  radial  extent  of  the  crack  from  the  impact  point,  r^  is  the  impactor  radius,  p'  is  the 
effective  density  (defined  below),  K,^  is  the  target  fracture  toughness,  c,  and  c,,  are  the  bulk  sound  speeds 
for  target  and  projectile  respectively,  and  u  is  the  impact  speed.  Note  that  this  equation  predicts 
supralinearity,  with  the  crack  length  increasing  faster  than  the  impactor  diameter.  This  equation  is 
derived  by  assuming  that  immediately  following  the  outward  compressive  wave  in  the  target  the  material 
develops  hoop  tensions.  If  these  tensions  are  greater  than  the  stress  necessary  to  propagate  an  unstable 
crack  at  distance  r  from  the  impact  site,  then  crack  growth  is  assumed.  The  definition  of  effective 
density  is  based  on  the  assumption  of  a  Bernoulli  fluid  flow  pressure  state,  and  is  given  by: 

P' =  PpPACp/’ +  (p/V  (13) 

where  the  p  values  are  for  impactor  and  target,  respectively. 


As  examples  of  the  consequential  predictions,  consider  an  impactor  of  aluminum  (density  of  2.8  g/cm*) 
and  a  target  of  fused  silica  (density  of  2.2  g/cm* ).  Thus  the  effective  density  is  0.618  g/cm*.  For  fused 
silica  the  fracture  toughness  is  6.4  x  lO’dynes/cm’  x  cm®*.  These  values  are  reasonably  typical  of  the 
conditions  for  impacts  on  LDEF  for  glass.  Using  the  average  LEO  collision  speed  of  10  km/s,  we 
predict; 
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Note  that  for  particle  radii  in  the  range  1  -  1000  microns,  the  cracks  are  predicted  to  extend  in  the  range 
of  9  to  35  times  the  impactor  size,  in  approxiir.ate  agreement  with  observations.  At  present,  there  is 
no  simple  method  of  predicting  the  widths  of  these  cracks  Assuming  the  crack  widths  to  be,  say,  one- 
tenth  the  impactor  diameter  (dp),  and  taking  an  average  crack  to  be  15  dp  long,  with  4  cracks  per  impact, 
the  cracks  represent  an  area  of  6  dp^,  while  the  typical  crater  of  about  5  dp  wide  has  an  area  of  about  20 
dp^.  Thus,  unless  the  cracks  are  much  wider,  or  there  are  more  cracks  f)er  impact,  they  will  usually 
represent  only  a  relatively  small  portion  (e  g.  t0%)  of  the  total  fractional  area  damage.  However,  for 
wider  cracks,  less-tough  targets,  higher  impact  speeds,  or  larger  impactors,  the  fractional  area  due  to  the 
radial  cracks  could  easily  double  that  due  to  craters  alone. 


Optical  Scatter  for  Brittle  Materials 

We  have  assessed  the  optical  scattering  for  brittle,  cracked  targets.  A  typical  package  of  interest  is  the 
multi-layered  dielectric  stack  mirror.  Frequently,  such  mirrors  comprise  a  dielectric  substrate  (e  g.  fused 
silica)  with  a  thin  (<2000  A)  metallic  reflecting  coating,  overlaid  by  a  stack  of  alternating  dielectric 
layers,  each  of  one-quarter  wavelength.  The  stack  may  have  anywhere  from  only  one  dielectric  layer 
up  to  several  tens  of  layers.  Depending  on  the  operating  wavelength,  this  results  in  optical  coatings  with 
thicknesses  in  the  range  of  from  about  0.3  micron  (single  layer,  visible)  up  to  perhaps  50  micron 
(multiple  layers,  infrared)  Since  impactors  can  produce  craters  with  depths  of  about  3.5  times  the 
impactor  diameter  (e  g.  for  a  RAM  surface  at  1000  km  altitude  and  60  degree  inclination),  even  a  50 
micron  thick  stack  can  be  completely  penetrated  by  a  14  micron  particle,  while  the  more  typical  3  micron 
thick  stack  is  penetrated  by  a  particle  of  only  0.86  micron. 
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There  is  a  fundamental  difTerence  between  cratering  in  a  ductile  metal  mirror  and  in  a  coated  stack.  For 
the  metal  mirror,  the  crater  surface  is  still  metallic,  and  thus  still  has  high  local  reflectivity.  However, 
penetration  through  the  coating  stack  reveals  the  underlying  substrate,  and  this  usually  has  low 
reflectivity  (e  g.  4%  for  silica).  Thus,  in  essence  cratering  in  coated  optics  is  equivalent  to  punching 
holes  in  the  mirror.  While  the  holes  will  still  give  diffractive  scattering  (as  with  craters),  the  percentage 
loss  of  reflective  area  will  also  give  a  corresponding  loss  in  overall  reflectivity.  Since  these  coating 
stacks  are  usually  designed  to  maximize  reflectivity  (e.g.  >98%),  the  loss  due  to  the  impactor 
cratering/''hole-punching''  (with  associated  cracks)  is  significant. 

An  attempt  to  address  the  scattering  caused  by  cracks  can  be  done  by  treating  them  as  equivalent  to 
dielectric  cylinders  or  needles,  as  done  by  van  der  Hulst  (1981).  Treating  the  cracks  as  cylinders  with 
all  dimensions  large  compared  to  the  operating  wavelength,  the  scatter  is  given  by. 

BRDF  =  (4a^l/jir^X0)  E^(ka0)  per  cylinder,  (14) 

where  a  is  the  radius  of  the  cylinder,  1  is  the  length,  r  is  the  distance  from  the  cylinder,  X  is  the 
operational  wavelength,  0  is  the  scatter  angle  (zero  being  the  initial  light  direction),  k  is  lit/X,  and  E 
is  the  angular  scatter  function.  If  the  crack  pattern  becomes  "dense”,  such  that  cracks  intercept  with 
length  1,  we  have  l/I^  cracks  per  unit  area.  Then  we  obtain: 

BRDF  (4aV7tl>.0)  E'(ka0)  =>  (SaVX^)  for  0  =►  0.  (15) 

Note  that  this  implies  the  scatter  depends  only  on  the  radius  of  the  cylinders  and  the  wavelength.  The 
scatter  from  these  cracks  varies  with  the  crack-width  squared,  whereas  scatter  from  craters  is  proportional 
to  the  crater  radius  to  the  fourth  power.  Hence  cracks  are  less  efficient  scatterers  than  are  craters.  Since 
it  was  shown  above  that  the  usual  associated  damage  area  of  the  cracks  is  also  less  than  that  of  the 
craters,  the  result  is  that  the  craters  are  expected  to  dominate  the  overall  scattering. 

If  the  cracks  are  narrow  compared  to  the  operating  wavelength,  they  behave  as  if  dielectric  "needles”. 
For  this  case  the  scatter  is  given  by. 

BRDF  =  (2n’aM)(m*-l)V(X^)  per  needle,  (16) 

where  a  is  the  radius  of  the  needle,  1  is  the  length,  and  m  is  the  "effective"  refractive  index.  This 
"effective"  index  is  based  on  the  mismatch  between  the  crack  region  and  the  surrounding  medium  For 
scatter  measurements  done  at  wavelengths  which  are  different  from  the  "tuned"  wavelength  of  the 
quarter-wave  stack,  the  value  of  this  index  is  similar  to  that  for  the  individual  layer  materials.  However, 
at  the  "tuned"  wavelength,  the  effective  index  may  be  much  higher,  since  the  optical  stack  behaves  as 
if  a  single  dielectric  with  high  refractive  index  (giving  high  reflectivity) 

Since  cracks  are  not  truly  circular  in  cross  section,  for  both  "cylinders"  and  "needles",  the  value  of  the 
"radius"  is  the  equivalent  one,  given  by  one  half  of  the  square-root  of  the  product  of  the  crack  width  and 
the  crack  depth. 

If  the  crack  pattern  becomes  dense  and  intersecting,  then  the  areal  density  of  cracks  (number  per  area) 
is  given  by  N  =  1/  P  where  I  is  the  mean  length  between  interceptions.  Thus  the  equation  for  BRDF 
moves  the  "1"  term  from  the  numerator  into  the  denominator. 

As  a  check,  consider  the  case  of  the  dense  crack  pattern  often  observed  due  to  hysterectic  stress  cracking 
after  a  sudden  surface  heating  (c  g  by  a  pulsed  laser,  pulsed  electron  beam  or  a  pulsed  x-ray  beam). 
Typically,  the  crack  may  have  a  depth  equal  to  the  optical  stack  which  may  be  3  microns,  while  the 
crack  width  may  be  about  300A,  giving  an  equivalent  crack  radius  of  order  0.15  micron.  For  such 
intersecting  dense  crack  patterns,  the  mean  length  of  each  crack  may  be  about  20  microns.  Assuming 
an  interrogation  wavelength  of  0.5  micron  (visible,  not  at  the  "tuned"  wavelength),  and  an  effective 
refractive  index  of  2.0,  the  predicted  scatter  is;  BRDF  =  1.12  This  value  is  very  large  compared  to  the 
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initial  virgin  (undamaged)  scatter  value,  which  can  be  as  low  as  BRDF  =  10  ’  to  lO'^.  Even  for  widely 
spaced  cracks  with  lengths  of  1000  micron  (1  mm),  the  predicted  scatter  is  BRDF  =  2.24  x  lO"’.  Such 
scatter  values  have  indeed  been  measured  for  such  damaged  samples.  Detailed  Mie  scattering 
calculations  are  required  to  accurately  determine  the  scatter  for  a  cracked  dielectric  multilayered  stack. 
This  would  be  especially  true  for  scatter  at  the  tuned  wavelength  of  the  stack.  For  this  case  the 
anticipated  scatter  is  even  higher,  since  the  effective  refractive  index  is  larger  (put  another  way,  crack 
perturbations  are  worse  for  the  high-reflectivity  tuned  case). 

Note,  that  for  needles  the  scatter  increases  with  the  needle  width  to  the  fourth  power  (similar  to  craters), 
and  inversely  with  the  wavelength  cubed.  For  both  cylinders  and  craters,  scatter  varies  inversely  with 
wavelength  squared.  Thus  the  precise  level  of  scatter  will  depend  strongly  on  the  crack  widths  and  the 
operational  wavelength. 


SUMMARY 

We  have  performed  first-order  estimates  of  the  probable  modes  of  particle  impact  damage  and 
consequential  increases  in  optical  scatter  for  satellite  optics  in  LEO.  The  methodology  requires  use  of 
the  existing  near-earth  particle  environment.  Both  simple  ductile  metal  cratering  and  brittle  material 
cracking  have  been  addressed.  The  analyses  include  estimates  of  fractional  area  affected.  For  an  orbit 
of  1000  km,  inclination  of  60  degrees  and  period  of  6  years,  even  the  RAM  surface  suffers  from  less 
than  1  percent  areal  damage  due  to  simple  ductile  cratering.  However,  if  star  cracking  in  brittle  materials 
occurs  the  affected  areas  rapidly  increase.  Note  that  the  orbit  chosen  for  analysis  is  one  of  the  worst 
cases,  involving  a  local  peak  in  the  man-made  debris  population. 

The  models  used  presently  give  reasonable  agreement  with  the  LDEF  experimental  data  in  terms  of 
impact  fluences  and  directionality  on  the  spacecraft  body.  However,  the  effects  on  optical  surfaces  is 
still  under  study.  The  analyses  of  increased  optical  scatter  (BRDF)  demonstrate  strong  dependencies  on 
the  details  of  crater  sizes  and  crack  lengths.  For  this  reason  there  is  a  continuing  need  for  better 
understanding  of  these  impact  responses. 

Presently,  our  analyses  indicate  the  potential  for  large  increases  in  optical  scatter  for  unshielded  optics 
staring  into  the  RAM,  but  only  small  increases  for  EARTH-looking  cases. 

We  will  perform  future  impact  experiments  on  metallic  and  dielectric  optics,  and  will  directly  measure 
the  resulting  optical  scatter.  These  experiments  will  allow  verification  or  modification  of  our  estimates 
of  damage  modes  and  scatter. 
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ABSTRACT 

Bare  aluminum  alloy  is  compared  to  soft-anodized  aluminum  alloy  (oxide  film  thickness  S  pm,  10  pm, 
20  pm,  or  SO  pm)  for  susceptibility  to  ignition  by  supersonic  particle  impact  in  pure  oxygen.  The 
particle  diameter  ranged  from  1600  pm  to  2000  pm,  temperature  ranged  from  220  K  to  672  K  and 
oxygen  pressure  was  27.6  MPa.  The  event  of  ignition  was  recorded  on  video  tape.  The  results  of 
ignition  frequency  are  reported  as  a  Logistic  Regression  Model  over  the  variable  space.  In  addition, 
the  impact  process  was  simulated  using  the  computer  code  ZEUS  to  identify  ignition  tenoperatuies 
and  ignition  sites  as  well  as  to  qualitatively  describe  the  mechanism  of  protection  offered  by  the  soft- 
anodized  oxide  film.  Significant  improvement  against  particle-impact  ignition  was  achieved  through 
the  use  of  the  anodized  oxide  film. 


INTRODUCTION 

Ignition  of  metal  structures  in  high  pressure  oxygen  systems  can  be  caused  by  the  impact  of  metallic 
particles  entrained  in  a  fast  flowing  gas  stream  (Clark  and  Hurst,  1972;  Wegener,  1964).  Subsequent 
combustion  can  lead  to  serious  damage  or  destruction  of  the  system.  Aluminum  is  especially 
susceptible  to  ignition  in  this  manner  (Benz  et  al.,  1986). 

Aluminum  oxide  films  on  aluminum  structures  have  long  been  recognized  as  providing  protection 
against  corrosion  and  some  erosion  (Hunter  and  Fowle,  1956).  The  protection  given  by  such  a  film 
against  auto-ignition  has  been  recognized  in  metal  ignition  theory  in  terms  of  a  transition 
temperature,  the  temperature  at  which  the  oxide  film  is  no  longer  protective  (Mellor  and  Glassman, 
1965). 

This  paper  describes  research  that  examines  the  protection  provided  by  aluminum  oxide  films  against 
particle-impact  ignition.  Aluminum  oxide  films  were  prepared  by  soft-anodization.  Four  different 
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film  thicknesses,  S  fim,  10  /tm,  20  /xm,  and  SO  nm,  were  compared  to  bare  aluminum  alloy  6061-T6. 
The  event  of  particle  impact  and  subsequent  hot-spot  generation  were  modeled  by  computer 
simulation  and  compared  to  the  experimental  result. 

CHEMISTRY  OF  ALUMINUM  OXIDE  FILMS 

The  natural  aluminum  oxide  film  formed  on  fresh  aluminum,  while  extremely  thin  and  thus  easily 
damaged,  has  such  remarkable  self-healing  properties,  that  when  damaged,  it  immediately  starts  to 
reform.  In  dry  vtxygen  at  room  temperature  the  natural  Elm  reaches  an  ultimate  thickness  of  about 
10  A  in  a  matter  of  minutes  (Hunter  and  Fowle,  1956).  A  Elm  formed  in  ordinary  air  is  much  thicker 
and  takes  weeks,  months,  and  even  years  to  reach  its  ultimate  thickness.  The  thinner  Elm  is  an 
impermeable  barrier-type  Elm;  while  the  thick  Elm  has  a  compact  barrier  type  of  Elm  adjacent  to  the 
metal  and  an  outer  layer  of  porous  or  more  permeable  oxide. 

The  effect  of  temperature  on  the  aluminum  oxide  Elm  is  signiEcant.  Figure  1  shows  the  qualitative 
change  in  Elm  growth  and  in  Elm  crystallography  with  temperature.  Hunter  and  Fowle  (1956)  also 
report  the  AI2O3  barrier  Elm  thickness  also  changes  with  temperature.  There  is  a  constant  increase 
in  ultimate  Elm  thickness  with  increasing  temperature.  Two  levels  of  Elm  thickness  were  identiEed, 
with  the  jump  between  levels  occurring  above  575  K  and  below  725  K. 

EXPERIMENT  AND  RESULTS 

The  experiments  were  conducted  using  the  White  Sands  Test  Facility  (WSTF)  supersonic  parEcle- 
impact  chamber  (Bahk,  et  al.,  1991).  A  single  spherical,  aluminum  (2017-T4type  alloy)  particle  either 
1600  or  2000  microns  in  diameter,  was  accelerated  to  a  supersonic  velocity  of  approximately  353 
m/sec  and  impacted  on  the  target  (6061-T6  alloy).  Pure  oxygra,  99.9  percent,  at  27.6  MPa  was  the 
carrier  gas.  Test  temperatures  varied  over  the  range  of  220  K  to  672  K. 


Fig.  1.  Natural  growth  of  aluminum  oxide  Elm 
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Experiments  were  replicated  and  test  parameters  were  derived  from  standard  formulas  for  binomial 
experiments,  ie,  experiments  producing  a  yes/no  result.  For  these  experiments,  the  results  were  in 
terms  of  whether  ignition  occurred.'  Details  of  the  experimental  equipment  and  procedure  are  given 
in  the  reference  by  Benz  et  al.  (1986). 

Figures  2  through  6  are  photographs  of  impacted  targets  without  ignition.  Ail  photographs  are 
magnified  approximately  35  times.  In  Fig.  2,  a  cross-sectional  view  of  a  bare  aluminum  target  with 
an  imbedded  particle  is  shown.  Figure  3  shows  the  same  sample  prior  to  cross-sectioning.  In  Figs. 
4,  S,  and  6,  the  fractured  aluminum  oxide  film  is  seen;  however,  in  each  case  all  the  oxide  film  is 
present  (has  not  broken  and  separated).  Experimental  conditions  are  given  for  each  figure. 
Although  it  is  not  evident  from  these  photographs,  the  amorphous  aluminum  oxide  coating  must  still 
be  present,  as  dictated  by  the  experimental  conditions. 

Figure  7  is  the  composite  experimental  data  for  the  bare  aluminum  tests.  The  curve  fit  is  a  logistic 
regression  model  showing  the  95  percent  confidence  limits  as  an  envelope.  The  abrupt  change  in 
ignition  occurrence  at  550  K  is  an  observed  and  reproducible  phenomenon. 

Figure  8  is  a  composite  plot  for  the  experiments  with  the  bare  aluminum  and  each  of  the  four 
anodized  films.  The  curves  in  the  figure  are  plotted  from  a  logistic  regression  model  fitted  using  a 
standard  SAS  routine  (LOGISTIC).  Comparison  of  the  experimental  conditions  of  Figs.  2  through 
6  with  these  curves  shows  that  these  experimental  conditions  may  or  may  not  lead  to  ignition. 


Fig.  2.  Cross-section  of  bare  aluminum  target 
showing  an  imbedded  particle; 
temperature  550  K:  27.6  MPa  oxygen 


'Emery,  B.  private  communication,  WSTF  Memo  dated  Oct  1991. 


Tenperatura  (K) 


Fig.  7.  Representative  plot  of  observed  and  fitted 
probabilities  of  ignition;  dashed  lines  are 
95  percent  confidence  limits 
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Fig.  8.  Aluminum  logistic  distribution  for  different 
anodized  layers 
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IMPACT  SIMULATION 

In  addition  to  the  experiments,  the  single  particle  impact  was  simulated  using  the  ZEUS  (Zukas, 
1987).  The  ZEUS  code  is  a  two  dimensional  finite  element  code  using  the  Mie-Oruneisen  equation 
of  state.  The  basic  Hugoniot  data  was  obtained  from  Los  Alamos  National  Laboratories  data 
(Marsh,  1980)  and  Air  Force  Weapons  Laboratory  data  (Kohn,  1969).  The  Johnson-Cook  (Johnson 
and  Cook,  1983)  strength  model  was  used  to  determine  the  strength  data  at  initial  target  temperature 
and  high  strain  rates.  The  data  needed  for  the  Johnson>Cook  model  was  obtained  from  Los  Alamos 
National  Laboratories  (Johnson  and  Holmquist,  1988). 

Figure  9  shows  the  results  of  a  simulation  corresponding  to  the  experimental  conditions  rqiresented 
in  Figs.  2  and  3. 

Figures  10  and  1 1  show  the  results  of  the  simulation  corresponding  to  the  experim^tal  conditions 
represented  by  Figs.  S  and  6. 

A  major  parameter  in  the  simulation  is  the  velocity  of  the  impacting  particle.  While  the  velocity  was 
not  measured  experimentally  for  any  of  the  tests,  approximate  velocities  were  established  using  two 
independent  methods.  The  first  method  was  a  series  of  drop-weight  impact  penetration 
measurements,^  and  the  second  one  was  an  in-house  stream  flow  model. ^  The  velocity  of  the  oxygen 
stream  was  measured.  Using  the  oxygen  stream  velocity,  the  velocity  of  the  particle  was  determined. 


Tine=  5.0OE-O6  AL  UMTO  AL  U=353I1/S  Cycle=  4518 

Tenperature 
>  5.33E-02 
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6.47E+02 
||i>  ?.04E-^02 
Mi>  7.60E«02 
■|>  8.17E^02 


Fig.  9.  Simulated  impact  on  bare  AL  6061 -T6  target 
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StoltzAis,  J.  M.  'Estimation  of  Minimum  Particle  Velocity  by  a  Dent-Block  Comparison  Test.'  Private  communication,  pp.  B-l, 
(1990). 

^Babk,  S.  'Estimation  of  Particle  Velocity  by  Dry  Flow  Model.*  Private  communication,  (1990). 
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Simulated  impact  on  Al  6061-T6  target 
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The  results  of  the  two  independent  methods  were  within  S  percent.  From  these  results  a  simulation 
velocity  equal  to  353  m/sec  was  established. 

The  variation  in  temperature,  over  the  experimental  range  reported,  changed  the  velocity  of  the 
particle  (Benz  et  al.,  1986).  In  addition,  the  temperature  variation  affected  the  reaction  rates  and 
thermal  energy  exchange.  In  the  simulation  runs,  the  impact  velocity  used  (353  m/sec)  corresponded 
to  the  550  K  experiments.  The  temperature  will  rise  as  the  impact  velocity  increases. 

At  the  selected  temperature  the  simulation  predicted  temperature  increases  between  244  K  and  388 
K  above  ambient  (777  K  to  931  K  absolute). 


DISCUSSION 

In  an  impact  problem,  a  particle  with  radius  a,  velocity  u  and  mass  density  Pp  impacts  a  material 
target  with  mass  density  p,  and  strength  Y  (assumed  to  have  stress  units).  The  particle  parameters 
also  determine  the  particle  kinetic  energy  and  its  momentum  (the  non-zero  component  perpendicular 
to  the  target).  The  particle  is  spherical  and  the  impact  to  the  target  surface  is  assumed  to  be  normal. 

There  are  a  variety  of  phenomena  of  interest  in  the  classical  impact  problem  -  depth  of  penetration, 
diameter  of  crater,  pressure  and  temperature  generated,  stresses,  etc.  (Bjorkman  and  Holsapple,  1987; 
Vinogrador  and  Cherviakov,  1984).  However,  this  analysis  is  concerned  with  ignition  of  the  target. 
For  those  targets  where  ignition  occurred,  the  target  was  consumed  by  burning.  Hence  these 
phenomena  were  not  available  for  study.  In  experiments  where  ignition  did  not  occur,  as  in  Figs.  2 
through  6,  depth  of  penetration  and  width  of  crater  provided  visual  evidence  of  consistency  of  the 
experimental  conditions. 

The  classic  defmition  for  metal  ignition  is  that  ignition  occurs  when  ’...heat  produced  exceeds 
heat  losses  to  such  an  extent  that  the  temperature  rise  continues  at  an  accelerating  rate”  (Reynolds, 
1959). 

On  impact  ignition,  energy  deposition  into  the  target  occurs  over  a  very  short  time  and  hot  spots  must 
be  created  whose  temperature  exceeds  the  autoignition  temperature  of  the  metal.  Aluminum's 
melting  temperature,  933  K,  is  its  autoignition  temperature  (Reynolds,  1959). 

Not  only  must  the  aluminum’s  temperature  exceed  its  melting  point,  it  must  also  be  exposed  to 
ambient  oxygen  (the  natural  aluminum  oxide  film  must  be  disrupted).  Ignition  studies  at  WSTF  have 
shown  that  the  entire  aluminum  core  of  a  3.2mm-diameter  rod  may  be  molten  and  ignition  will  not 
occur  if  the  natural  amorphous  aluminum  oxide  film  remains  intact  (Bahk  et  ai.,1992).  The  addition 
of  anodized  aluminum  oxide  further  protects  against  ignition.  Since  the  melting  point  of  aluminum 
oxide  is  2230  K,  it  is  unlikely  that  a  single  particle  impact,  under  the  conditions  of  these 
experiments,  would  lead  to  a  hot  spot  sufficient  to  melt  the  aluminum  oxide.  Therefore  the  exposure 
of  aluminum  metal  will  require  mechanical  disruption  of  the  aluminum  oxide  film. 

The  experimental  evidence  of  Figs.  4, 5,  and  6,  and  the  corresponding  computer  simulations  of  these 
same  experiments  show  that  the  anodized  aluminum  oxide  remained  intact,  and  there  were  no  hot 
spots  sufficient  to  cause  ignition.  However  Figs.  2  and  3,  and  the  corresponding  computer  simulation 
(Fig.  9)  describe  a  probable  ignition  event. 

In  Figs.  2  and  3  one  particle  which  impacted  this  target  remained  imbedded.  This  photograph  clearly 
shows  that  surrounding  this  particle  there  is  a  raised,  irregular  ridge  of  target  material.  Tlie 
corresponding  computer  simulation  Fig.  9  shows  a  similar  raised  ridge  of  target  material.  The 
computer  simulation  shows  that  there  are  regions  in  the  target  where  a  hot  spot  occurred,  and  its 
absolute  (computed)  temperature  is  near  the  melting  point  of  aluminum  (931  Kas  opposed  to  933  K). 
Further,  the  natural  aluminum  oxide  film  was  di.srupted  and  while  it  reestablishes  itself  rapidly,  the 
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time  duration  of  impact  and  temperature  rise  predict  that  molten  aluminum  was  exposed  to  the 
ambient  oxygen  atmosphere.  This  is  substantiated  by  Fig.  7  which  shows  that  at  the  target 
temperature  before  impact,  SSO  K,  nine  out  of  ten  experimental  impact  events  resulted  in  ignition. 
It  is  apparent  that  the  computer  simulation  provides  a  realistic  model  for  particle-impact  ignition  of 
the  bare  aluminum  target.  Further  the  computer  simulation  of  the  behavior  of  the  three  different 
thicknesses  of  the  anodized  aluminum  oxide  is  consistent  with  the  experimental  observations. 

Figure  7  shows  that  between  S70  K  and  600  K  there  is  an  abrupt  change  in  the  susceptibility  of  bare 
aluminum  targets  to  ignition;  the  probability  falls  to  SO  percent.  In  the  early  woilc  of  Hunter  and 
Fowle(  1956)  and  consistently  since,  there  has  been  recognition  of  the  strong  temperature  dependency 
of  the  growth  and  nature  of  the  natural  aluminum  oxide  film.  Hunter  and  Fowle  identify  this 
temperature  range  as  the  region  where  there  is  a  transition  between  a  thin  (less  than  10  A)  oxide 
barrier  and  a  thick  barrier  (extent  undefmed).  Under  the  experimental  conditions,  570  K,  27.6  MPa 
pure  oxygen  pressure  and  at  least  ten  minutes  for  film  growth,  there  may  be  appreciable  oxide  film 
thickness  developed.  In  fact  Fig.  8  shows  a  distinct  similarity  of  the  ‘bare’  aluminum  target  and  the 
5  micron/ 10  micron  anodized  oxide  targets.  This  suggests  that  the  bare  aluminum  natural  oxide  film 
may  have  grown  to  this  thickness  at  these  experimental  conditions. 

The  50  micron  anodized  film.  Fig.  6,  is  the  only  oxide  coating  which  is  clearly  distinguishable  at  the 
level  of  magnification  of  these  photographs.  Figure  8  also  shows  that  it  provides  significant  protection 
against  particle-impact  ignition.  Although  there  was  no  observed  spalling  of  any  of  the  coatings  in 
the  impact  region,  the  50  micron  coating  photograph  suggests  that  this  may  have  occurred.  Likewise 
the  computer  simulation,  which  includes  mass  conservations,  predicts  that  no  spalling  willoccur  under 
these  experimental  conditions. 

CONCLUSIONS 

The  computer  simulation  successfully  predicted  the  development  of  hot  spots  sufficient  to  cause 
ignition  of  the  aluminum  target.  These  hot  spots  were  predicted  to  form  adjacent  to  the  crater 
caused  by  the  impacting  particle.  The  material  properties  of  both  the  aluminum  and  the  aluminum 
oxide  used  in  the  computer  simulation  were  satisfactory  for  handling  the  temperature  rise. 

The  anodized  aluminum  oxide  films  do  provide  ignition  protection  from  particle  impact.  Experiments 
confirm  this  behavior.  The  computer  simulation  also  gives  results  consistent  with  the  experiments. 
As  expected  the  50  micron  thick  film  provides  the  best  protection  against  ignition  by  particle  impact. 

Finally,  what  may  have  appeared  as  an  anomaly  in  the  ignition  characteristics  of  bare  aluminum  at 
570  K  is  explained  by  the  accelerated  oxide  film  growth  predicted  due  to  the  experimental  conditions. 
This  natural  oxide  film  gave  the  same  results  as  a  5  micron/ 10  micron  anodized  oxide  film. 
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AN  ANALYTICAL  MODEL  OF  HOLE  SIZE  IN  FINITE  PLATES 
FOR  BOTH  NORMAL  AND  OBLIQUE  HYPERVELOCITY  IMPACT 
FOR  ALL  TARGET  THICKNESSES  UP  TO  THE  BALLISTIC  LIMIT 
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ABSTRACT 

This  paper  presents,  for  the  ^.st  time,  a  single  comprehensive  analytical  model  for  the  hole  size 
produced  by  hypervelocity  impact  into  finite  plates.  This  model  is  ba^ed  on  experimental  data 
for  2017  aluminum  spheres  impacting  2014,  2024  and  6061  aluminum  plates. 

The  significance  of  this  model  is  that  it  spans  the  entire  range  of  target  thickness  from  very 
thin  to  very  thick,  which  makes  it  possible  to  determine  when  the  impact  conditions  are  those 
of  thin  target  behavior  (where  the  hole  size  increases  with  increasing  target  thickness  and  debris 
formation  and  damage  is  important)  and  when  the  impact  conditions  are  those  of  thick  target 
behavi  r  (where  the  hole  size  decreases  with  increasing  target  thickness  and  the  debris  formation 
is  significantly  decreased).  The  model  makes  it  clear  that  the  target  thickness  that  divides  the 
thin  target  regime  from  the  thick  target  regime  is  a  function  of  velocity.  This  means  that  an 
impact  configuration  which  exhibits  thick  target  behavior  at  common  experimental  velocities 
could  actually  exhibit  thin  target  behavior  at  velocities  in  the  tens  of  kilometers  per  second  such 
as  that  of  meteroid  impacts.  This  hole  size  model  also  includes  the  effects  of  oblique  impact  and 
computes  both  the  major  and  the  minor  diameters  of  the  hole. 

This  paper  also  raises,  f  r  the  first  time,  the  possibility  that  the  commonly  accepted  mod¬ 
els  for  crater  diameter  (and  by  implication  those  for  penetration  depth  as  well),  which 
are  taken  Vo  be  a  power  function  of  velocity,  might  be  wrong.  Only  a  linear  depen¬ 
dence  on  velocity  for  the  crater  diameter  is  consistent  with  the  linear  velocity  dependence 
of  this  and  all  other  accepts  '  models  of  hole  diameter  in  finite  plates.  If  this  is  cor¬ 
rect,  it  would  raise  questions  about  the  validity  of  using  any  target  damage  computer  mod¬ 
els,  that  are  based  on  the  old  crater  modeling  equations,  to  extrapolate  to  higher  velocities. 


INTRODUCTION 

The  analytical  equations  of  this  hole  size  model  were  constructed  using  an  ad  hoc  process  that  gave 
a  reasonable  fit  to  the  (i.vta  while  avoiding  functions  that  would  produce  runaway  results  at  the 
extreme  values  of  the  independent  variables.  It  should  therefore  be  recognized  that,  while  these 
equations  were  mt  obtained  by  pure  deduction  from  fundamental  first  principles  of  physics,  nev¬ 
ertheless  the  physics  of  the  impact  process  is  inherent  in  the  data  itself  and  is  therefore  contained 
in  the  analytical  model. 
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The  basic  equations  of  the  hole  site  model,  for  both  the  majoi  and  minor  diameters  of  an  elliptical 
hole,  are  given  by  the  following: 

Dminor  ! d  =  {pt av)PL  (lo) 

Dmaj  or  =  (16) 

where  d  is  the  projectile  diameter,  v  is  the  projectile  impact  velocity,  and  a  and  cr  are  func¬ 
tions  of  the  target  thickness  tfd  and  impact  angle  6.  The  ballistic  limit  factor  /?x,,  which 
is  a  function  of  t/d,  v  and  0,  goes  to  tero  for  impact  conditions  near  the  ballistic  limit  and 
otherwise  has  a  value  of  one.  The  shape  factor  4>t  which  is  the  ratio  Dmajor  I Dminor  >  is 
a  strong  function  of  v  and  6  but  also  has  some  dependence  on  t/d.  For  normal  impact, 
where  the  hole  is  round,  Dmajor  =  Dminor  so  that  ^  =  1.  Note  that  both  the  hole  di¬ 
ameter  and  the  target  thickness  are  normalised  by  dividing  by  the  projectile  diameter.  This 
is  based  on  the  assumption  that  the  impact  process  scales  linearly  with  the  projectile  size. 


COMPARISON  OF  EXPF  ..MENTAL  AND  ANALYTICAL  RESULTS 

Figure  1  shows  a  comparison  of  the  hole  size  model  (solid  lines)  with  the  experimental  data  points 
for  normal  impact  in  the  target  thickness  domain.  It  can  be  seen  that  for  small  values  of  t/d  (thin 
target  regime)  the  hole  size  incre2ises  with  increasing  target  thickness.  For  large  values  of  t/d 
(thick  target  regime),  the  hole  size  decreases  with  increasing  target  thickness.  The  point  at  which 
the  thin  target  regime  ends  and  the  transition  region  begins,  as  well  as  where  the  thick  target 
regime  begins,  have  never  been  clearly  defined  quantitatively.  In  addition,  empiriccdly  determined 
equations  have  not  previously  been  available  for  treating  perforations  in  either  the  transition  or 
the  thick  target  regimes. 

It  is  important  to  observe  in  Fig.  1  that  the  locations  of  the  maxima  of  the  curves  shift  steadily 
to  higher  values  of  t/d  as  the  velocity  increases  from  4  to  8  km/s.  Because  this  shift  is  not  very 
larg**  at  common  experimental  velocities  below  10  km/s,  it  has  sometimes  been  assumed  that  the 
target  thickness  which  separates  thin  target  behavior  from  thick  target  behavior  has  a  constant 
value.  That  this  dividing  line  between  thin  and  thick  target  behavior  is  actually  a  function  of  the 
impact  velocity  can  be  seen  in  Fig.  2  where  the  analytical  model  has  been  used  to  extrapolate  the 
hole  size  to  much  higher  velocities. 

Figure  2  shows,  for  example,  that  for  aluminum  into  aluminum  the  maximum  hole  size  at  30  km/s 
occurs  at  a  value  of  t/d  =  4  compared  to  a  value  of  t/d  =  1.3  at  6  km/s.  Although  scaling  to  such 
high  velocities  cannot  now  be  verified,  the  validity  of  the  point  being  made,  that  the  value  of  t/d 
at  which  D/d  is  a  maximum  increases  steadily  with  increasing  velocity,  does  not  depend  on  the 
quantitative  correctness  of  the  extrapolation  and  none  is  implied. 

The  important  point  is  that  when  scaling  hole  size  with  target  thickness  using  previous  models, 
which  were  developed  for  (and  therefore  only  valid  in)  the  thin  target  regime,  it  is  essential  to  be 
certain  that  the  impact  configuration  remains  within  the  same  target  thickness  regime.  This  is 
illustrated  in  Fig.  3  where  the  hole  size  model  of  this  paper  (solid  line)  is  compared  to  the  GM 
model  (dashed  line.  Maiden  et  ai,  1963)  along  with  experimental  data  points.  It  can  be  seen 
that  the  GM  model  diverges  significantly  from  the  data  for  t/d  >  1.0  while  the  hole  size  model 
presented  here  continues  to  follow  the  data.  Since  the  model  presented  in  this  paper  is  valid  over 
the  entire  range  of  target  thickness,  from  the  thin  target  to  the  thick  target  regime,  the  concern 
about  staying  in  a  particular  target  thickness  regime  is  removed. 

For  oblique  impact  the  model  describes  both  the  major  and  minor  diameters  of  the  hole  over  the 
full  range  of  obliquity  from  normal  impact  to  ricochet.  Figure  4  shows  a  comparison  between  the 
model  ,^nd  the  experimental  data  for  the  major  diameter  of  the  hole  as  a  function  of  the  impact 
angle.  Note  that  the  model  describes  both  the  increase  in  the  major  diameter  with  obliquity  and 
the  subsequent  sharp  decrease  as  the  effects  of  ricochet  dominate  the  process.  The  effect  of  impact 
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Fig.  1.  Comparison  of  the  hole  size  model 
and  experimental  data,  in  the  target 
thickness  domain,  for  the  normal  im¬ 
pact  of  2017  A1  into  2024  and  6061  A1 
at  selected  velocities. 


Fig.  2.  Extrapolation  of  the  hole  size  model, 
in  the  target  thickness  domain,  for  the 
normal  impact  of  Al-Al  at  5,  10,  20, 
30  and  40  km/s. 


Fig.  3.  Compari.son  of  the  hole  size  model 
(solid  line),  the  CM  model  (dashed 
line).  [)/d  0.0  f  n.45i)(//d)^''-^,  and 

experimental  data  for  normal  impact 
at  7 ..S  km/s. 


Fig.  4.  Fhe  hole  size  model  and  experimen¬ 
tal  data  for  the  major  diameter,  in 
the  impact  angle  domain,  for  2017  A1 
imparting  2024  Al  at  7.5  km/s  for 
i 'd  0.267  and  0.400. 
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angle  on  the  minor  diameter  of  the  hole  and  a  comparison  of  the  model  with  the  experimental  data 
is  shown  in  Fig.  5.  Note  that  the  minor  diameter  of  the  hole  also  increases  somewhat  with  impact 
angle  and  has  a  maximum  value  for  an  impact  angle  of  approximately  60  degrees.  Although  both 
Figs.  4  and  5  show  good  agreement  between  the  model  and  the  experimental  data,  it  must  be 
kept  in  mind  that  the  equations  for  oblique  impact  were  developed  using  data  that  had  only  two, 
relatively  small  values  of  target  thickness.  Consequently,  more  data  is  needed  to  properly  validate 
the  model  over  the  full  range  of  target  thickness  for  oblique  impact. 


DEVELOPMENT  OF  THE  HOLE  SIZE  MODEL 
Normal  Impact 

Figures  6  and  7  show  that  the  hole  sise  data  (Maiden  ei  al.,  1963;  Nysmith  and  Denardo,  1969, 
Carson  and  Swift,  1967;  and  Turpin  and  Carson,  1970),  in  the  velocity  domain,  is  a  linear  function 
of  velocity  and  can  therefore  be  fitted  by  an  equation  of  the  form 

D/d  =  a„  +  a^v  (2) 


The  first  step  was  therefore  to  find  a  straight  line,  least  squares  fit  to  the  data  for  each  vadue 
of  t/d.  Note  that  these  straight  line  fits  to  the  data  are  only  intended  to  model  the  hole  size  in 
the  high  velocity  regime  and  not  in  the  low  velocity  regime  where  the  effects  of  the  ballistic  limit 
become  important  (see  the  following  section).  The  values  for  the  slopes  (7^  were  then  plotted  as 
a  function  of  t/d,  as  shown  in  Fig.  8.  The  model  for  the  slopes  (the  solid  line  in  Fig.  8)  is  given 
by  the  following  function  of  target  thickness: 

=  (o-i  +  <r2t/d)(l  -  (3) 

where  the  constants,  oi  =  0.26,  02  =  0.15,  03  i  3.20  and  cr^  =  0.035,  were  obtained  using  a  trial 
and  error  process  to  find  the  best  fit  to  the  data.  Note  that  since  (7„  is  zero  for  t/d  <  0.035,  it 
follows  that  the  hole  size  is  independent  of  velocity  for  very  thin  targets,  i.e.,  for  t/d  <  0.035. 

The  least  squares  fitting  process  was  then  repeated  for  each  value  of  t/d,  using  the  corresponding 
slope  On  from  the  slope  model  in  Fig.  8,  to  find  the  values  of  the  intercepts  On-  The  resulting 
values  of  a„  are  plotted  as  a  function  of  t/d  in  Fig.  9.  The  intercept  model  (the  solid  line  in 
Fig.  9)  is  given  by  the  following  functions  of  target  thickness: 

On  =  1  +  ai(l  —  c~‘*’*/'*)  for  t/d  <  0.70  (4q) 

a„  =  l  +  oi -(a3  +  a4(t/d-0.07))(t/d-0.07)  for  t/d  >  0.70  (46) 

where  the  constants  qj  =  0.085,  03  =  18.,  03  =  0.313  and  04  =  0.62,  were  obtained  using  a  trial 
and  error  process  to  find  the  best  fit  to  the  data.  Because  of  the  complex  behavior  of  a„  it  had 
to  be  fitted  piecewise  in  two  parts.  A  single  function,  if  one  could  be  found,  would  be  preferrable. 


Effects  of  the  Ballistic  Limit 

Although  there  is  virtually  no  hole  size  data  in  the  regime  where  the  impact  velocity  v  approaches 
the  ballistic  limit,  nevertheless  it  is  logically  necessary  that  the  hole  sise  must  depart  from  its 
linear  behavior  and  go  to  zero  as  the  velocity  decreases  to  the  ballistic  limit  velocity  This 
means  that  (2)  must  be  multiplied  by  a  ballistic  limit  function,  0l,  which  will  go  to  zero  as  v 
approaches  v^,  and  will  rise  gradually  to  a  value  of  one  as  v  rises  above  v/,.  The  following  function 
for  has  the  desired  properties; 
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e  (degrees)  v  (km/s) 


Fig.  5.  The  hole  size  model  and  experinien-  ’"'R  ■''"'’•'‘f  ''*■''**  squares  fit  to  the  exper- 

tal  data  for  the  minor  diameter,  in  iniental  hole  size  data,  in  the  veloc- 

the  impart  angle  domain,  for  2017  Al  domain,  for  the  normal  impact  of 

impacting  2024  Al  at  7. ,5  km/s  for  2017  Al  into  2024  and  6061  Al  for  tar- 

t  fri  0.267  and  0.400.  R''*  Ihirknesses  of  ijd  1. 


V  (km/s)  t/d 


Fig.  7.  Linear  least  squares  fit  to  the  exper-  Mg.  8.  Slope  values  a„  vs  t/d  for  normal  im- 
imenlal  hole  size  data,  in  the  velor-  part  of  Al-AI  from  Figs.  6  and  7  and 

itv  domain,  for  the  normal  impact  of  the  analytical  function  (solid  line)  fit 

2017  Al  into  2024  and  6061  Al  for  tar-  tt-d  (o  those  values, 

get  thicknesses  of  t /d  >  1. 
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rig.  9.  fnterrept  values  q,,  vs  t/d  for  nor¬ 
mal  iinpact  of  Al-Al  and  the  analyt¬ 
ical  fiinftion(s)  (solid  line)  fitted  to 
those  values. 


Fig.  10.  Experimental  values  of  the  ballistic 
limit  velocity  vs  t/d  for  the  normal 
impact  of  Al-Al  and  the  eqiiation(s) 
fitted  to  the  data  (solid  line). 
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Fig.  11.  Comparison  of  the  hole  size  model,  in¬ 
cluding  the  ballistic  limit  factor,  and 
the  experimental  data  for  normal  im¬ 
part  of  2017  A1  into  2024  and  6061  A1 
for  t/d  -  1 . 


Fig.  12.  Comparison  of  the  hole  size  model,  in¬ 
cluding  the  ballistic  limit  factor,  and 
the  experimental  data  for  normal  im¬ 
pact  of  2017  Al  into  2024  and  6001  A1 
for  t/d  >  1 . 
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/3i  =  1  -  (5) 

so  that 

Dld=  {an  + arnv)l3L-  (6) 

In  the  absence  of  data  in  the  near  ballistic  limit  region,  the  value  of  3  for  the  coefficient  in  the 
exponential  term  was  selected  somewhat  arbitrarily  so  that  the  function  ^lsymptotes  neither  too 
quickly  nor  too  slowly  to  a  value  of  one. 

The  available  beillistic  limit  data  (Maiden  et  ai,  1963;  Fish  and  Summers,  1965;  and  Swift  and 
Carson,  1967)  shows  that  the  ballistic  limit  velocity  is  a  linear  function  of  the  target  thickness 
(Fig.  10)  which  is  given  by 

vl  =  -0.393  +  1.964t/d  for  t/d  >  0.25  (7a) 

vl  =  -  1)/1323.6  for  t/d  <  0.25.  (76) 

Note  that  (7a)  gives  negative  values  for  the  ballistic  limit  velocity  when  i/d  <  0.2.  Since 
this  is  physically  unrealistic,  the  exponential  function  given  by  (76)  was  introduced  for 
t/d  <  0.25  so  that  the  ballistic  limit  velocity  will  go  to  zero  as  the  target  thickness  goes 
to  zero.  The  effect  of  Pi,  on  the  curves  in  Figs.  6  and  7  is  shown  in  Figs.  11  and  12. 


Oblique  Impact 

The  effect  of  oblique  impact  on  the  hole  size  was  obtained  first  for  the  minor  diameter  of  the 
hole  using  the  data  of  Warnica  and  Gehring  (1964)  for  2017  aluminum  spheres  impacting  2014 
aluminum  plates  with  t/d  of  0.267  (Fig.  13)  and  t/d  of  0.400. 

Since  the  minor  diameter  is  also  a  linear  function  of  velocity,  then  (6)  can  also  be  used  for 
DminoT  / ^^  i.e., 

DminoT  /d  =  {a  +  <rv)0L  (8) 

The  first  step  in  building  the  oblique  impact  model  was  to  find  the  straight  line,  least  squares  fit  to 
the  Dminor/d  VS  Velocity  data  for  impact  angles  of  60®  and  25®.  The  values  for  the  slopes  a  were 
then  compared,  in  Fig.  14,  to  the  normal  slope  model  from  (3).  From  this  it  was  determined 
that  the  effect  of  the  impact  angle  on  the  slope  a  could  be  obtciined  by  multiplying  the  normal 
slope  model  by  a  function  of  impact  angle  given  by  the  following  equation: 

o-  =  a„(l  -  (9) 

where  the  values  of  the  constants,  cr^  =  6.90  and  ere  =  185®,  were  obtciined  using  a  tri^d  and  error 
process  to  find  the  best  fit  to  the  data  points. 

The  process  was  then  repeated  using  values  of  the  slope  from  the  oblique  slope  model  to  find  the 
corresponding  intercepts  a  from  a  linear,  least  squares  fit  of  the  minor  diameter  hole  data.  The 
resulting  values  of  a  were  then  compared  in  Fig.  15  to  the  normal  intercept  model,  On  from  (4). 
From  this  it  was  determined  that  the  effect  of  impact  angle  on  the  intercept  could  be  obtciined  by 
adding  a  function  ag  to  the  normal  intercept  model  as  given  by  the  following  equations: 


Q  =  Qn  +  Qg  (10®) 

as  =  a5(l  -  e-“«(90°-«)/®)  +  (1  -  l/3m"(90®fl/35®))  (106) 


where  the  values  of  the  coi’''tants,  aj  =  0.258,06  =  2.65  and  n  =  e'-*^*/**  —  1,  were  obtained  using 
a  trial  and  error  process  to  find  the  best  fit  to  the  data  points.  Note  that  the  second  term  in 
(106),  which  can  be  associated  with  the  effect  of  ricochet,  is  only  included  when  9  <  35®. 
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One  final  detail  of  the  oblique  intercept  model  is  that  Dminor/d  must  logically  go  to  a  value  of 
one  as  t/d  goes  to  zero.  In  order  for  this  to  be  true,  the  intercept  a  must  go  to  one  as  t/d  goes 
to  zero.  Since  On  already  exhibits  this  behavior,  then  the  required  condition  will  be  met  if  the 
ae  term  in  (10a)  goes  to  zero  as  t/d  goes  to  zero.  This  is  accomplished  by  multiplying  ag  by  an 
appropriate  exponential  function  such  that  (10a)  becomes 

a  =  a„  + 09(1-6“^®'/'')  (11) 

where  the  value  of  15  for  the  coefficient  in  the  exponential  was  selected  so  that  (11)  would  reduce 
to  (106)  for  values  of  t/d  in  the  range  of  the  experimental  data. 

The  model  for  the  major  diameter  of  the  hole  is  obtained  from  that  for  the  minor  diameter  by 
using  the  following  equation: 

major  ld=^D^i^„ld  (12) 

where  ^  is  the  shape  factor,  the  ratio  Dmajor laminar-  Figure  16  shows  the  experimental  data  for 
^  vs  velocity  for  t/d  =  0.267  .  The  data  suggests  that  ^  starts  out  at  some  value  greater  than 
one  at  zero  velocity  and  then  asymptotically  approaches  a  value  of  one  as  the  velocity  increaises. 
Furthermore  the  initial  value  of  ^  at  zero  velocity  seems  to  increase  rapidly  with  decreasing  impact 
angle,  very  much  like  the  function  l/ainB.  The  desired  function  for  4>  is  therefore  one  that  starts 
at  1/sinB  and  then  decreases  asymptotically  to  a  value  of  one  as  the  velocity  goes  to  inifinity.  Note 
that  this  behavior  of  asymptoting  to  a  value  of  one  with  velocity  means  that  the  hole  becomes 
more  nearly  round  as  the  velocity  increases. 

The  function  for  (p,  having  the  desired  fit  to  the  data  (solid  lines  in  Fig.  16),  is  given  by 

^  =  1  +  (1/atnd  -  l)e“'^*  (13) 

where  X  (at  least  for  the  two  target  thicknesses  for  which  there  is  data)  is  a  linear  function  of  t/d, 
with  a  slope  s,  given  by 

A  =  j(t/d-0.035)  (14a) 

s  =  si(l  -  9/90°)  -  52(1  -  5m(9O'’0/35°))  (146) 

where  5i  =  0.84  and  52  =  0.18.  Note  th  t  the  second  term  in  (146)  is  added  only  for  9  <  35°. 
The  parameter  A  is  made  to  go  to  zero  for  t/d  =  0.035  in  order  to  be  consistent  with  (3)  in  which 
(7n  goes  to  zero  at  that  same  target  thickness  so  that  the  diameter  of  the  hole  does  not  depend 
on  the  impact  velocity  for  t/d  <  0.035. 

Because  the  equations  for  A  were  based  on  data  for  only  two  relatively  thin  targets,  any  calculation 
of  the  major  diameter  of  the  hole  for  thicker  targets  must  be  treated  with  caution  until  oblique 
impact  data  for  thick  targets  becomes  available  with  which  to  cither  confirm  or  revise  the  model. 

Figure  17  shows  a  comparison  of  the  model  (solid  line)  and  the  experimental  data  for  the  major 
diameter  in  the  velocity  domain  for  t/d  =  0.267.  Figures  18  and  19  show  the  results  of  the  model 
for  both  the  major  and  minor  diameters  in  the  target  thickness  domain.  The  comparison  between 
the  model  and  the  data  in  in  the  impact  angle  domain  has  already  been  shown  in  Figs.  4  and  5. 

CONFLICT  WITH  CRATER  MODELS 

In  the  model  for  hole  diameter  presented  in  this  paper  (as  well  as  other  such  models  proposed 
in  the  past),  the  hole  diameter  is  a  linear  function  of  the  velocity.  Empirical  studies  of  hole  size 
have  determined  that  the  hole  diameter  cannot  be  larger  than  the  front  surface  diameter  of  a 
crater  formed  by  the  same  projectile  impacting  a  semi-infinite  target  of  the  same  material  at  the 
same  velocity  (Hermann  and  Wilbeck,  1987).  Furthermore  past  studies  of  the  cratering  process 
have  concluded  that  the  crater  penetration  depth  is  a  power  function  of  velocity  with  an  exponent 
between  1/2  and  2/3  (Hermann  and  Wilbeck,  1987).  Since,  in  the  hypervelocity  regime,  the  crater 
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Fig.  17.  Comparison  of  the  hole  si*e  model  for 
/d  and  the  experimental  data 
for  2017  A1  impacting  2014  A1  for 
t/d  =  0.267  and  different  values  of 
impact  angle. 


Fig.  18.  Comparison  of  the  hole  size  model  for 
Dmivnr/d  and  the  experimental  data 
for  2017  A1  impacting  2014  A1  at  7.5 
km  /s  for  different  values  of  impact  an¬ 
gle. 


Fig.  19.  Comparison  of  the  hole  size  model  for 
/^mnj.,r/d  ^nd  thc  experimental  data 
for  2017  Al  impacting  2014  A1  at  7.5 
km/s  for  different  values  of  impact  an¬ 
gle. 


Fig.  20.  Experimental  data  for  crater  diame¬ 
ter  vs  velocity  for  2017  Al  impacting 
2024  Al  and  the  proposed  equation 
(solid  line)  fitted  to  the  data. 
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is  nearly  hemispherical  (particularly  for  like  material  impact)  and  that  shape  remains  constant 
with  velocity,  it  follows  that  the  crater  diameter  must  vary  with  velocity  in  the  same  manner  as 
the  penetration  depth.  Therefore  the  crater  diameter  should  also  be  a  power  function  of  velocity 
with  an  exponent  between  1/2  and  2/3. 

Thus  there  is  an  unavoidable  conflict  between  the  hole  diameter  models  and  the  crater  diameter 
models  at  very  high  velocities.  Although  the  hole  diameter  models  start  out  with  smaller  values 
than  those  of  the  crater  diameter  models  in  the  range  of  the  experimental  velocities,  as  the  velocity 
continues  to  increase  there  must  come  a  point,  because  of  the  difference  in  the  velocity  exponents, 
where  the  hole  diameter  will  exceed  the  corresponding  crater  diameter. 

An  obvious  resolution  of  this  conflict  would  be  for  both  the  crater  and  the  hole  size  models  to 
have  the  same  velocity  dependence.  A  preliminary  examination  of  the  crater  data  from  Denardo 
and  Nysmith  (1964)  shows  that  it  could  be  equally  well  fitted  by  a  linear  function  of  velocity  of 
the  same  form  as  (6)  (solid  line  in  Fig.  20).  Since  it  is  really  beyond  the  scope  of  this  paper  tc 
pursue  this  issue,  it  is  important  to  at  least  call  attention  here  to  the  need  to  further  investigate 
the  possibility  that  both  the  crater  diameter  and  the  crater  depth  are  a  linear  function  of  the 
impact  velocity  in  the  hypervelocity  regime. 


CONCLUSIONS 

The  analytical  methods  presented  in  this  paper,  which  were  used  to  develop  the  unified  description 
of  hypervelocity  impact  hole  size  in  finite  thickness  plates,  have  produced  the  following  results; 

1.  A  single  equation  for  the  diameter  of  the  hole  that  spans  the  entire  range  of 
target  thickness  from  very  thin,  through  the  transition  region  between  thin  and 
thick  targets  and  finally  ending  at  the  ballistic  limit.  This  model  makes  it 
possible  to  determine  when  the  impact  conditions  are  those  that  produce  thin 
target  behavior  (where  the  hole  size  increases  with  increasing  target  thickness 
and  debris  formation  and  damage  is  important)  and  when  the  impact  conditions 
are  those  that  produce  thick  target  behavior  (where  the  hole  size  decreases  with 
increasing  target  thickness  and  the  debris  formation  is  significantly  decreased). 

2.  The  quantifying  of  the  target  thickness  and  impact  velocity  at  which  the  hole 
diameter  reaches  a  maximum  v^Llue.  The  model  makes  it  clear  that  the  target 
thickness  which  divides  the  thin  target  regime  from  the  thick  target  regime  is  a 
function  of  velocity  which  means  that  an  impact  configuration  which  exhibits 
thick  target  behavior  at  experimental  velocities  below  10  km/s  could  very  well 
exhibit  thin  target  behavior  when  the  velocity  is  tens  of  kilometers  per  second. 

3.  An  analytical  hole  diameter  model  for  oblique  impact  (at  least  for  very  thin 
targets  with  t/d  <  0.400)  that  includes  the  onset  of  ricochet  and  the  cessation 
of  perforation  at  the  ballistic  limit.  Hole  size  data  for  t/d  >  0.400  is  needed  to 
either  validate  or  revise  the  oblique  model  for  thick  targets. 

4.  Since  most  of  the  available  impact  data  was  for  2017  Aluminum  spheres  im¬ 
pacting  2014,  2024  and  6061  Aluminum  plates,  the  model  presented  here  is 
specifically  valid  for  that  combination  of  materials,  however  it  is  important 
to  recognize  that  the  methodology  and  the  form  of  the  equations  should  be 
applicable  to  other  combinations  of  projectile  and  target  materials  as  well. 
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5.  The  recognition  that  the  commonly  accepted  models  of  crater  diameter,  which 
are  taken  to  be  a  power  function  of  velocity,  might  be  wrong.  Only  a  linear 
dependence  on  velocity  for  the  crater  diameter  (and  by  implication  the  pene¬ 
tration  depth  as  well)  is  consistent  with  the  linear  velocity  dependence  of  this 
and  all  other  accepted  models  of  hole  diameter  in  finite  plates.  This  possibility 
directly  affects  the  validity  of  using  any  target  damage  models,  which  are  based 
on  the  old  crater  modeling  equations,  to  extrapolate  to  higher  velocities,  and 
therefore  requires  further  investigation. 
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ABSTRACT 

The  penetration  resistance  of  hard  layers,  such  as  ceramics  and  hardened  steels,  struck  by  high  velocity 
long  rod  projectiles  can  be  characterized  by  the  depth  of  penetration  (DOP)  test  The  E>OP  test  can  be 
used  to  calculate  average  penetration  resistance,  which  can  be  expressed  as  Rj.  The  tests  can  also  be  used 
to  compute  differential  efficiency.  For  hard  materials,  these  values  differ  markedly  from  those  for 
conventional  armor  steel  (RHA).  Implications  for  the  effectiveness  of  hypervelocity  penetrators  are  that 
the  optimum  velocity  for  energy  efficient  penetration  will  be  much  higher  for  hard  materials  than  for 
RHA.  Furthermore,  ceramics  will  continue  to  substantially  outperform  armor  steels,  while  high 
hardness  steels  will  lose  their  relative  advantages  against  long  r^  projectiles  above  3  km/s. 


INTRODUCTION 

Bless,  et  al.,  (1987)  investigated  the  response  of  ceramic  tiles  to  short  hypervelocity  projectiles  and  found 
that  penetrator  effectiveness  increased  with  velocity.  The  case  of  long  rod  projectiles  was  treated  by 
Frank  and  Zook  (1987),  who  showed  that  the  functional  form  of  penetration  by  long  rods  into  most 
materials  implied  that  there  was  an  optimum  velocity  at  which  penetration  is  maximized,  assuming 
projectile  shape  and  energy  are  held  constant.  Several  cases  were  discussed  for  which  the  optimum 
velocity  was  near  2  km/s.  This  work  has  led  several  research  teams  working  on  high  velocity  penetrators 
to  focus  on  alternatives  to  long  rods,  e.g.,  Orphal  et  al,  1992.  The  purpose  of  this  paper  is  to  point  out 
that  the  optimum  velocity  identified  by  Frank  and  Zook  (1987)  was  particular  to  rolled  homogeneous 
armor  (RHA)  and  similar  hardness  steels  (neighborhood  of  BHN  270),  and  that  m’'ch  higher  optimum 
velocities  are  expected  from  harder  barriers. 

We  analyze  penetration  of  materials  by  high  velocity  rods  by  using  steady  state  theory,  develop  by  Tate 
(1967)  and  others  and  discussed  in  detail  by  Anderson  and  Walker  (1991).  An  important  advantage  of  this 
analysis  is  that  the  resistance  of  a  target  to  penetration  is  described  by  a  single  effective  strength 
parameter,  Rj. 

Very  high-velocity  penetration  of  semi-infinite  targets  is  only  approximately  described  by  the  Tate 
theory,  largely  because  nonsteady  processes  account  for  considerable  penetration  after  completion  of  the 
steady-state  process  (Anderson,  et  al.,  1993).  For  example.  Fig.  1  illustrates  the  discrepancy  between 
steady-state  theory  and  penetration  data  for  RHA,  using  the  value  of  Rj  derived  from  penetration  rate 
measurements  (Hauver,  1992a).  It  is  noteworthy  that  since  the  difference  between  the  steady-state  model 
[based  on  Tate  (1967)]  and  data  does  not  increase  with  velocity,  the  discrepancy  cannot  be  readily 
accounted  for  by  terminal  cratering  effects,  which  normally  have  a  velocity  to  the  2/3  power  dependence, 
e.g.,  Christman  and  Gehring  (1966).  Nevertheless,  the  Tate  model  provides  the  correct  trends  even  if  the 
quantitative  numbers  do  not  agree  exactly  with  experimental  values. 
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Fig.  1  Comparison  of  Tate  (1967)  analysis  and  data  from  Silsby  [11]  for 
tungsten  rods  into  armor  steel.  P/L  is  penetration  divided  by  length. 

On  the  other  hand,  most  proposed  applications  of  hard  materials  are  layered  designs  in  which  the  hard 
material  is  sandwiched  between  RHA  or  structural  materials.  Thus,  penetration  of  layers  of  hard 
materials  is  more  relevant  for  armor  design  than  penetration  of  semi-infinite  materials.  Tate  theory  is 
more  accurate  for  layers  because  effects  due  to  deceleration  are  relatively  less  important 

The  depth  of  penetration  (OOP)  test  is  very  useful  for  evaluating  armor  layers.  An  armor  element  or 
layer  is  placed  on  a  substrate  and  struck  with  a  projectile  that  penetrates  through  into  the  substrate.  As  is 
now  well  known,  the  differential  efficiency  of  a  Lyer  relative  to  a  substrate  is  given  by  the  equation: 

Wc 

where  W|^ef  is  the  penetration  density  (penetration  times  density)  in  the  substrate  with  no  armor  layer, 
Wr  is  the  penetration  density  below  the  armor  test  layer,  and  Wc  is  the  arial  density  of  the  test  layer. 
Thus,  for  example,  when  the  differential  efficiency  is  two,  the  test  material  is  equivalent  in  penetrator 
stopping  resistance  m  a  layer  of  the  substrate  that  is  twice  as  heavy.  The  reference  material  for 
differential  efficiency  is  usually  RHA. 

Rj  can  be  computed  by  several  different  methodologies.  These  methodologies  are  summarized  in  the 
Appendix,  along  with  limitations  of  their  use.  For  the  purposes  of  this  paper,  Rx  is  primarily  calculated 
by  two  methods,  both  of  which  use  DOP  experiments. 


DEFINITION  OF  PROBLEM 

Our  first  interest  is  the  optimum  velocity  for  penetration  by  a  constant-shape  constant-energy  projectile. 
The  numerical  values  provided  by  Frank  and  Zook  (e.g.,  length-to-diameter  ratio)  were  for  RHA. 
According  to  Hauver,  the  steady  state  value  of  Rj  for  RHA  is  53  kbar.  Cavity  expansion  analysis 
predicts  that  Rj  is  proportional  to  flow  stress,  which  is  in  turn  proportional  to  Brinell  hardness.  Mil- 
spec  46100  (high  hard)  steel  is  1.9  times  harder  than  RHA,  so  the  value  of  Rj  for  this  material  should  be 
about  1(X)  kbar.  Harder  steels  are  also  available  that  may  have  higher  Rj  values.  Therefore,  we  want  to 
extend  the  Frank  and  Zook  analysis  of  penetration  of  steel  to  values  of  Rx  over  100  kbar.  We  will  use 
conventional  steady  state  theory,  which,  as  discussed  above,  is  reasonably  accurate  for  penetration  of 
layers. 
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Ceramics  have  lower  densities  and  similar  Rj  values  to  armor  steels.  In  this  analysis,  we  will  use  (p*  = 
3.2  g/cm^  (target  density),  which  is  in  the  mid-range  of  armor  ceramics.  Values  of  Rj  for  ceramics 
penetrated  by  rods  vary  from  about  40  to  1 10  kbar. 

Moreover,  Rj  values  for  ceramics  may  depend  on  impact  conditions.  The  strength  of  some  ceramics, 
like  titanium  diboride  and  aluminum  nitride,  is  pressure  dependent  (Rosenberg,  et  al.,  1992);  strength, 
and  hence  Rj.  may  double  over  the  pressure  range  100  to  200  kbar,  which  loosely  corresponds  to  impact 
velocities  of  3  to  5  km/s.  Likewise,  the  strength  of  these  ceramics  may  be  strongly  affected  by  impact 
face  confinement  (Hauver,  1992a,  Bless,  et  al.,1992).  Other  ceramics,  such  as  B4C,  have  been  shown  to 
pressure  soften  (Kipp  and  Grady,  1989).  Kozhushko,  et  al.,  1991  have  postulated  a  dramatic  change  in 
R7  values  when  u  transcends  Cp,  the  maximum  crack  front  speeds  in  ceramics.  Values  of  Cp  in 
ceramics  are  said  to  be  3  to  4  km/s.  Values  of  Rj  for  u  >  Cp  may  exceed  300  kbar. 

Thus,  as  regards  ceramics,  it  is  worthwhile  to  extend  Frank  and  Zook’s  analysis  to  case  of  Rj  of  over 
300  kbar  for  target  densities  of  about  3.2  g/cm^,  and  for  cases  where  Rj  depends  on  dynamic  pressure  or 
penetration  velocity. 

Hauver  (1992b)  has  observed  that  Rt  decreases  during  penetration  of  very  thick  ceramic  tiles.  In  this 
paper,  which  treats  layers,  we  ignore  this  effect.  We  also  limit  our  analysis  to  tungsten  alloy  rods,  for 
which  pp  (projectile  density)  =  17.4  g/cm^,  and  Yp  (projectile  strength)  =  18  kbar  (1.8  GPa). 


OPTIMUM  PENETRATION  VELOCITIES 

We  first  consider  the  case  of  a  steel  layer.  We  use  conventional  Tate  theory  (including  projectile 
deceleration)  to  compute  the  scaled  penetration,  P/L.  We  convert  this  to  the  case  of  a  constant-energy 
constant-shape  rod  by  multiplying  by  (vo/v)2/3.  The  reference  velocity,  vq,  was  taken  as  1.6  km/s. 
Fig.  2  shows  penetration  as  a  function  of  v.  As  noted  by  Frank  and  Zook,  there  is  an  optimum  velocity 
for  each  Rj  value.  However,  the  optimum  becomes  much  broader  for  large  Rj  values.  Fig.  3  shows  the 
variation  of  the  optimum  velocity  with  Rj.  It  can  be  seen  that  for  high  hardness  steels,  the  optimum 
velocity  increases  to  over  3  km/s. 


Fig.  2.  Penetration  as  a  function  of  velocity  for  constant-shape  constant- 
energy  long  rod  striking  steel. 

The  same  calculations  were  carried  out  for  a  generic  3.2  g/cm^  ceramic.  This  calculation  was  only 
carried  out  to  Rt  =  200  kbar,  because  for  higher  values  the  maximum  became  so  broad  the  concept  of 
optimum  penetration  velocity  had  little  meaning.  The  results  are  also  shown  in  Fig.  3.  For  ceramics, 
the  optimum  velocity  increases  steadily  with  increasing  target  resistance.  Over  the  range  that  is  probably 
of  greatest  application,  60  <  Rj  <  90  kbar,  the  optimum  velocity  increases  from  about  2.6  to  3.4  km/s. 
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Fig.  3.  Velocity  for  maximum  long  rod  penetration  as  a  function  of 
target  strength  parameter. 

These  results  are  not  substantially  altered  by  step  increases  in  Rj  occurring  when  u  >  Cp.  for  which  the 
maximum  in  the  p/L  vs.  v  curve  is  slightly  drawn  out.  However,  if  materials  of  substantially  lower  Cp 
values  were  examined,  the  result  would  be  to  shift  the  optimum  velocity  to  lower  values.  Increases  in 
Rj  due  to  higher  dynamic  pressure  will  have  a  similar  effect  in  depressing  optimum  velocity  values. 

OPTIMUM  ARMOR 

Relative  efficiency  will  also  be  a  function  of  impact  velocity.  Fig.  4  is  a  graph  of  the  variation  of 
efficiency  predicted  for  hypervelocity  rods  striking  layers.  The  efficiency  of  RHA  is  unity  by  definition. 
The  efficiency  of  high  hardness  steel  (Rt  =  90  kbar)  decreases,  so  that  by  3  kra/s,  there  is  little  advantage 
to  this  material.  Ceramics  also  decrease  in  efficiency.  As  velocity  becomes  very  high  and  penetration 
approaches  the  hydrodynamic  limit,  the  efficiency  of  ceramics  will  approach  (PRHA/pceramic)^^  =  1-56. 
liius,  ceramics  will  remain  effective,  but  for  hypervelocity  they  are  less  effective,  and  thus  may  not  be 
worth  their  additional  cost 


Fig.  4.  Efficiency  of  armors  as  a  function  of  impact  velocity  for  long 
tungsten-alloy  rods.  HHS  is  a  steel  with  Ry  ~  90  kbar,  the  ceramic 
example  is  for  Ry  ~  60  kbar. 

SUMMARY 

We  have  shown  how  OOP  tests  can  be  combined  with  Tate  theory  to  predict  the  response  of  layers  of 
very  hard  materials  to  hypervelocity  impact.  The  optimum  velocity  for  penetration,  which  is  about  2 
km/s  for  armor  steel,  increases  substantially  for  these  materials.  Selection  of  armor  for  hypervelocity 
projectiles  should  favor  ceramic  armor  over  Mgh  hardness  steels. 
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Table  A1 

Rx  Data  for  Two  Alumina  Ceramics 


Tile 

Thick. 

(mm) 

Alumina 

Grade 

rt 

(kbar) 

Method 

Reference 

NR 

NR 

high  dens. 
(AD995) 

steel 

60±5 

eq.  A-4 

Gor  2 

■ 

NR 

NR 

high  dens. 
(AD995) 

steel 

55 

eq.  A-1 

Hflll  V  ....  y 

1992b 

WA 

150 

23-37 

high  dens. 
(AD995) 

steel 

65 

(large 

scatter) 

eq.  A-4 

Woolsey, 

1992 

59 

eq.  A-6 

WA 

75 

25 

high  dens. 
(H.P.) 

A1 

70 

eq.  A-4 

Bless, 

unpublished 

WA 

98 

(round) 

89 

high  dens. 
(AD995) 

steel 

65±9 

eq.  A-1 

Burkett,  1992 

WA 

NR 

NR 

med. 

dens. 

(AD90) 

steel 

47±1 

eq.  A-1 

Hauver, 

1992b 

WA 

150 

25-50 

med  dens. 
(AD90) 

steel 

55±1 

eq.  A-4 

Mariano  & 
Woolsey, 
1989 

47±1 

eq.  A-6 

WA 

100 

(round) 

28-42 

med  dens. 
(AD90) 

steel 

65±3 

eq.  A-4 

Anderson  & 
Morris,  1992 

58±2 

eq.  A-6 

Notes: 

Projectile:  All  projectiles  are  long  rods  impacting  at  about  1.5  km/s;  the  material  is  either  tungsten 
alloy  (WA)  or  depleted  uranium  (DU). 

Dimensions:  NR  means  not  reported. 

Alumina  grade:  AD  are  Coors  Porcelin  designations,  and  hot  processed  is  Ebon  A,  a  Cercom 
designation. 

Rj:  There  are  a  lot  of  scatter  in  Rj  data;  uncertainty  estimates  are  based  on  data  sets,  including  dividing 
the  standard  deviation  by  the  root  of  the  number  of  data  points,  where  appropriate.  Uncertainty  where 
not  given  may  be  as  much  as  15%,  which  is  a  typical  value  of  standard  deviation  in  a  test  series.  In 
calculating  Rj,  we  used  18  or  20  kbar  for  WA  strength  and  12  kbar  for  DU  strength. 

Method:  Pr  means  calculation  based  on  residual  penetration,  and  extrapolated  means  linear 
extrapolation  to  tile  thickness  where  rod  is  fully  consumed;  u  means  calculated  directly  from 
measurements  of  penetration  velocity. 
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APPENDIX:  The  Calculation  of  Rj 

There  are  several  ways  to  compute  the  target  resistance  Rt>  with  each  having  advantages  and 
disadvantages.  The  various  methods  are  summarized  here. 

Experimentally  Measured  Penetration  Velocity  Method.  The  most  straightforward  way  of  finding  Rx  is 
to  experimentally  measure  the  steady-state  penetration  velocity.  Assuming  that  the  projectile  flow  stress 
Yp  is  known  (20  ±2  Khar),  Rj  is  found  from  the  modified  Bernoulli  equation: 

1  2  1  2 

RT  =  Yp+  -  «)  -  -P/M  (A-1) 


where  v  is  the  tail  velocity  of  the  projectile,  u  is  the  penetration  velocity,  and  p  is  the  density.  The 
subscripts  p  and  T  refer  to  the  projectile  and  target,  respectively.  The  penetration  velocity  is  found  by 
taking  a  sequence  of  flash  X-rays  of  the  penetration  process  and  differentiating  the  position-time  data. 
Unfortunately,  this  procedure  must  generally  be  performed  in  the  reverse  ballistics  mode  or  with  low 
density  materials  (and  little  confinement)  in  order  for  the  X-rays  to  penetrate  the  target  and  expose  the 
film.  Further,  Rx  does  change  with  depth  of  penetration  (e.g.,  see  Anderson,  et  al.  (1992)],  but  in  the 
quasi-steady  region  of  penetration,  Rx  varies  very  slowly.  Although  there  are  X-ray  systems  with  the 
ene.gy  capable  of  penetrating  large  targets,  e.g.,  1-2  MV  systems  or  larger,  usually  only  one  data  point 
per  test  can  be  obtained.  Thus,  a  number  of  “duplicate”  experiments  must  be  performed  with  different 
time  delays  for  the  X-ray  pictures.  Although  impact  velocities  may  be  approximately  the  same,  they  are 
never  identical.  Also,  for  very  hard  but  brittle  materials,  experimental  experience  has  shown  there  can  be 
considerable  variability  in  target  performance  from  test  to  test  under  nominally  identical  conditions. 


Critical  Velocity  Method.  Rosenberg  and  Tsaliah  (1990)  used  the  concept  of  critical  or  threshold 
velocity,  below  which  no  penetration  occurs.  The  critical  velocity  is  given  by  the  expression: 


V,  = 


(A-2) 


for  the  case  of  Rx  >  Yp.  A  projectile  is  fired  at  successively  lower  velocities  until  it  does  not  penetrate 
the  target  material;  this  gives  v^.  Then  Eq.  (A-2)  is  used  to  find  Rx-  Several  tests  are  required  to 
determine  ,  but  the  procedure  is  straightforward.  It  would  appear,  however,  that  care  must  be  taken 
with  the  nose  shape  of  the  projectile;  a  hemispherical  nose  would  seem  to  be  the  most  appropriate  nose 
shape.  The  methodology  gives  a  value  for  the  target  resistance  near  the  critical  velocity. 

Layered  Tate  Model  Method.  Target  resistance  can  change  with  impact  velocity,  which  could  indicate  a 
potential  weakness  of  the  critical  velocity  technique.  But  Rosenberg  and  Tsaliah  (1990)  adapted  the  Tate 
model  to  compute  penetration  through  a  layered  target.  In  their  work,  they  performed  depth-of- 
penetration  (DOP)  experiments  where  a  relatively  thin  ceramic  tile  (12-20  mm  thick)  was  bonded  to  a 
“semi-infinite”  steel  backup  plate.  The  residual  depth  of  penetration  was  measured  in  the  steel  substrate. 
The  authors  report  good  agreement  between  the  results  from  the  layered  Tate  model,  using  the  Rx  values 
obtained  from  the  critical  velocity  experiments,  and  the  measured  depths  of  penetration. 

The  use  of  the  layered  Tate  model  has  been  extended  to  analyze  DOP  test  data,  i.e.,  critical  velocity 
experiments  were  not  performed  to  obtain  an  estimate  of  Rx-  Instead,  Rx  is  varied  in  the  model  until 
agreement  is  reached  between  the  model  results  and  the  measured  residual  penetration  (Rosenberg  and 
Tsaliah,  1990;  Yaziv,  1992).  In  application  of  a  layered  Tate  model,  assumptions  must  be  made  on  the 
transition  of  penetration  from  the  hard  layer  to  the  steel  substrate.  It  is  also  assumed  that  the  penetration 
process  can  described  as  nominally  steady  state,  in  both  the  ceramic  and  the  substrate,  since  the  Tate 
model  is  a  steady-state  model. 

Average  Penetration  Velocity  Method  from  DOP  Test  Data.  The  depth  of  penetration  into  the  substrate 
can  be  used  to  obtain  an  estimate  of  the  penetration  velocity  in  the  hard  layer  assuming  that  penetration 
is  steady  state  in  both  the  hard  layer  and  the  substrate  (the  steady-state  velocity,  in  general,  is  different  in 
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the  two  layers).  An  estimate  of  the  orojectile  eroded,  AL,  in  going  through  the  hard  layer  is  needed.  AL 
is  found  by  assuming  that  penetration  into  the  substrate  is  proportional  to  the  residual  rod  length,  i.e.,; 

L  L-AL 

where  is  the  depth  of  penetration  into  the  substrate  material  with  no  hard  layer,  Lq  is  the  original  rod 
length  and  Pi  is  the  measured  residual  depth  of  penetration  with  the  hard  layer  in  place.  With  these 
assumptions,  the  penetration  velocity  in  the  hard  layer  if  given  by: 


u  = 


1  +  — 

I  T  j 


(A4) 


Equation  (A-3)  is  a  reasonable  approximation  for  impact  velocities  between  0.8  and  1.8  km/s  for 
tungsten-alloy  long  rod  projectiles  into  armor  steel.  In  this  velocity  regime,  penetration  is  linear  with 
velocity.  However,  above  1 .8  km/s  the  penetration  curve  begins  to  saturate  with  impact  velocity,  and 
the  linear  relationship  is  no  longer  valid.  On  the  other  hand,  what  is  particularly  nice  about  this 
methodology  is  its  simplicity;  there  is  no  need  to  run  the  Tate  model,  as  in  the  preceding  and  following 
methodologies. 

Extrapolated  Tile  Thickness  Method  from  DOP  Test  Data.  This  methodology  uses  the  residual 
penetration  and  the  tile  thickness  to  estimate  the  depth  of  penetration  Tc  into  a  semi-infinite  target  made 
of  the  hard  material.  It  is  assumed  that  the  residual  penetration  is  linearly  dependent  on  the  thickness  of 
the  hard  layer. 


A 

p^ 


(A-5) 


Tc  is  the  thickness  of  the  tile  to  give  zero  residual  penetration.  Equation  (A-5)  can  be  rearranged  to  give 
the  following: 


(A-6) 


Once  Tc  is  known,  Rj  is  adjusted  in  the  Tate  model  until  the  depth  of  penetration  predicted  by  the  model 
gives  Tc. 


This  methodology  works  over  the  entire  velocity  range  of  the  preceding  methodology,  but  it  can  also  be 
extended  to  impact  velocities  above  1.8  km/s.  Although  the  Tate  model  is  used  iteratively  to  find  Rj 
similar  to  the  layered  Tate  model  methodology,  no  assumptions  need  be  made  concerning  the  transition 
of  penetration  from  the  hard  layer  into  the  substrate  material.  However,  the  larger  the  residual 
penetration,  the  more  critical  the  assumption  of  linearity  in  Eq.  (A-S).  In  general,  linear  extrapolations 
are  reasonable,  even  for  rather  nonlinear  responses,  up  to  approximately  10%  change.  Clearly,  the  more 
linear  the  response,  the  further  the  extrapolation  can  be  made.  In  practice,  residual  penetrations  have 
often  been  over  50%  of  the  semi-infinite  penetration. 

Summary.  Each  of  the  methodologies  is  based  on  application  of  steady-state  theory,  and  in  particular, 
application  of  the  Tate  model.  But  each  of  the  methodologies,  aside  from  the  steady-state  premise, 
invokes  different  assumptions.  Three  of  the  methods  for  determining  Rj  use  the  DOP  test:  the  layered 
Tate  model  method,  the  penetration  velocity  method,  and  the  extrapolated  tile  thickness  method.  As 
contrasted  to  the  critical  velocity  method,  where  a  series  of  tests  must  be  performed  to  find  the  critical 
velocity,  only  one  DOP  test  is  required  to  estimate  Rj-  This  is  really  academic,  however,  since  the 
scatter  in  ceramic  DOP  test  data  generally  mandates  that  a  minimum  of  three  DOP  tests  be  conducted  at 
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nominally  the  same  impact  conditions  in  order  to  obtain  an  averaged  response.  The  DOP  test  measures 
the  performance  of  the  ceramic  in  an  pseudo  armor-like  configuration  (e.g.,  see  Anderson  and  Morris, 
1992),  and  at  the  nominal  impact  velocity  of  interest.  Implicit  in  a  DOP  test  is  that  there  should  be  at 
least  several  rod  diameters  of  penetration  into  the  substrate  to  avoid  the  very  rapid  deceleration  of  the  tail 
velocity  (that  occurs  in  the  final  stage  of  penetration)  as  the  projectile  transitions  between  the  hard  layer 
and  the  substrate.  The  linear  extrapolation  method  is  least  affect^  by  a  very  small  residual  penetration. 

The  value  of  Yp  assumed  for  the  flow  stress  is  not  particularly  critical  in  any  of  the  methods.  Armor 
steels  have  values  of  Rj  that  are  50  kbar  or  larger.  The  uncertainty  in  Yp  is  approximately  2  kbar, 
i.e.,Yp  =  20  ±  2kbar.  This  uncertainty  (some  of  which  is  due  to  various  investigators  using  different 
tungsten  alloys)  has  only  a  4%  variadon  or  less  on  Rj.  If  the  Tate  model  is  used  to  find  Rj,  a  variation 
of  2kbar  makes  only  Ikbar  difference  in  the  value  of  Rj. 

Table  A-1  compares  calculated  Rj  values  for  several  sets  of  DOP  experiments.  Reasonably  good 
agreement  has  been  obtained  for  target  resistances  of  ceramic  tiles  calculated  using  the  various 
methodologies.  This  is  encouraging,  and  suggests  that  the  concept  of  a  urget  resistance  for  hard 
materials  is  fairly  robust  and  that  it  can  be  used  to  quantitatively  rank  the  ballistic  performance  of  a  hard 
material. 
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ABSTRACT 

Experiments  have  been  performed  on  NASA  state-of-the-art  hypervelocity  impact  shields  using  the  Sandia  Hypervel¬ 
ocity  Launcher  (HVL)  to  obtain  test  velocities  greater  than  those  achievable  using  conventional  two  stage  light-gas  gun 
technology.  The  objective  of  the  tests  was  to  provide  the  first  experimental  data  on  the  advanced  shielding  concepts  for 
evaluation  of  the  analytical  equations  (shield  performance  predictors)  at  velocities  previously  unattainable  in  the  lab¬ 
oratory,  and  for  comparison  to  single  Whipple  Bumper  Shields  (WBS)  under  similar  loading  conditions.  The  results 
indicate  that  significantly  more  mass  is  required  on  the  back  sheet  of  the  WBS  to  stop  an  approximately  flat-plate  par¬ 
ticle  impacting  at  7  km/sec  and  at  10  km/sec  than  the  analytical  equations  (derived  from  spherical  particle  impact  data) 
predicted.  The  Multi-Shock  Shield  (MSS)  consists  of  four  ceramic  fabric  bumpers,  and  is  lighter  in  terms  of  areal  den¬ 
sity  by  up  to  ,  but  is  as  effective  as  the  heavier  WBS  under  similar  impact  conditions  at  about  10  km/s.  The  Mesh 
Double  Bumper  shield  (MDB)  consists  of  an  aluminum  wire  mesh  bumper,  followed  by  a  sheet  of  solid  aluminum  and 
a  layer  of  Kevlar®  fabric.  It  provides  a  weight  savings  in  terms  of  areal  density  of  up  to  35%  compared  to  the  WBS  for 
impacts  of  around  10  km/s. 


I.  INTRODUCTION 

There  is  an  increasing  requirement  to  protect  spacecraft  from  the  serious  threat  posed  by  naturally  occurring  meteoroids 
and  human-generated  orbital  debris  in  low  earth  orbit.  TTie  meteoroid  threat  is  primarily  dust  size  particles  having  an 
average  relative  impact  velocity  of  2(’  km/sec;  for  very  large,  long-duration  spacecraft,  th“  probability  of  an  impact  by 
a  larger  particle  of  human-generated  debris  becomes  significant.  The  orbital  debris  size  distribution  of  this  "space  junk" 
ranges  from  micron  size  flakes  of  paint  to  inactive  satellites  (Kessler  <'/«/..  19X9).  The  most  probable  size  of  impacting 
particles  for  spacecraft  such  as  the  Space  Station  Freedom  is  expected  to  be  in  the  millimeter  to  centimeter  range.  The 
practicable  passive  shielding  capability  for  such  a  spacecraft  will  defend  against  a  particle  up  to  a  few  centimeters  in 
diameter  with  an  average  relative  impact  velocity  of  10  km/sec.  Other  schemes  .such  as  avoidance  maneuvering  w  ill 
need  to  be  implemented  for  the  larger  debris  that  can  be  tracked  by  radar  and  other  means  (Interagency  Group,  19X9). 


The  need  for  low-weight  passive  hypervelocity  impact  shielding  is  obvious,  and  NASA  has  been  instrumental  in  the 
area  of  spacecraft  hypervelocity  shielding  research.  Several  innovative  low-weight  shielding  concepts  have  been  de¬ 
veloped  by  NASA  including  the  Multi-Shock  Shield  (Cour-Palais  and  Crews.  1990)  and  the  Mesh  Double  Bumper 
(Christiansen,  1990).  The  velocity  limitations  of  existing  two  stage  light-gas  guns  resulted  in  a  research  project  using 
the  Sandia  Hypervelocity  Launcher  (Chhabildas  ct  <il..  1992a.  b)  to  attain  even  higher  impact  test  velocities  to  charac¬ 
terize  these  new  shields,  TTiis  paper  w'ill  discuss  the  results  of  the.se  experiments. 


2.  DEBRIS  SHIELD  DESIGNS 
2.1  Whippit’  Humper  Shield  (WfiS) 

The  conventional  shield  that  has  been  used  to  protect  satellite  systems  from  hypen  elocity  meteoroid  impact  is  called 
the  Whipple  Bumper  Shield  (Whipple,  1947).  The  effectiveness  of  this  shield  comes  from  its  ability  to  fragment  the 
impacting  object  into  a  debris  cloud  which  is  solid,  liquid,  and/or  vapor,  depending  on  the  impact  velocity.  The  WBS 
typically  consists  of  a  single  sheet  of  aluminum,  called  the  bumper,  which  provides  a  surface  away  from  the  hull  of  the 
spacecraft  on  which  an  incoming  particle  of  debris  can  impact.  By  the  time  the  resulting  debris  cloud  reaches  the  space¬ 
craft.  it  will  disperse  and  the  kinetic  energy  density  will  decrease.  In  the  present  study,  the  Whipple  shield  design  con¬ 
sists  of  two  spaced  aluminum  sheets:  an  aluminum  bumper  sheet  separated  from  an  aluminum  "back"  sheet  For  the 
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present  investigation,  the  buck  sheet  is  intended  to  be  an  element  of  the  shield  rather  than  a  hull  plate  bulkhead  or  a 
pressure  vessel  wall.  Two  thicknesses  of  bumpers  were  tested  in  this  study:  1 )  0.30  mm  thick  2024-T3  aluminum,  and 
2)  1.27  mm  thick  0061 -T6  aluminum.  In  all  cases,  the  bumper  was  placed  ,305  mm  in  front  of  the  back  sheet.  The  results 
of  a  few  WBS  tests  have  already  been  published  (Anger  w/.,  1992;  Chhabildaser<r/..  1992c;  Hertel  et  ill..  1992).  Some 
of  the.se  results  are  summarized  here,  providing  a  baseline  for  comparison  to  the  more  advanced  shielding  concepts. 


2.2  Multi-Shock  ShicliilMSS) 

The  Multi-Shock  Shield  concept  (Cour-Palais  and  Crews,  1990).  is  based  on  the  use  of  a  number  of  spaced  bumpers 
placed  in  front  of  a  back  sheet  element  to  excite  the  projectile  impact  debris  to  higher  ini^. .  al  energy  states  (and  tem¬ 
peratures)  by  repeated  collisions.  The  final  state  of  the  projectile  and  shield  material  impacting  the  back  sheet  depends 
on  the  initial  impact  velocity,  the  mass  density  of  the  first  bumper,  the  number  of  subsequent  bumpers  and  their  mass 
densities,  and  the  spacing  between  the  individual  bumpers  and  the  back  sheet.  An  optimally  designed  MSS  could  result 
in  a  significant  weight  saving  over  the  conventional  WBS.  primarily  because  the  back  sheet  w  ill  be  much  lighter.  The 
MSS  used  in  these  tests  had  four  Nextel®  BF.S4  or  AF62  ceramic  fabric  bumpers  (Fig.  la)  spaced  76.2  mm  apart,  with 
an  aluminum  alloy  back  sheet  the  same  distance  behind  the  last  bumper.  Nextel®  is  the  trade  name  for  the  high-tem- 
perature,  ceramic  fabrics  made  by  the  3M  company.  BF54  is  woven  from  fibers  composed  of  HV/i  aluminum  oxide. 
2W(  silicon  dioxide  and  2‘/(  boric  oxide  and  has  an  areal  density  of  0.  lOX  g/cm“.  AF62,  on  the  other  hand,  has  the  same 
weave  but  the  fiber  composition  is  62'/f  aluminum  oxide,  24‘/(  silicon  dioxide  and  14‘/f  boric  oxide,  which  makes  it 
lighter  at  O.KK)  g/cm“.  The  back  sheet  was  6()61-T6  aluminum  with  a  thickness  of  2.03  mm. 


Fig.  1.  Advanced  Debris  shielding  concepts;  (a)  Multi-Shock  Shield,  (b)  Mesh  Double  Bumper. 


2.. I  Mesh  Dtnihli’  Bumper  Shield  (MDB) 

The  Mesh  Double  Bumper  shield  (Christiansen.  1990)  provides  weight  .savings  of  approximately  .“iO'^  at  two-stage 
light-gas  gun  velocities  for  a  sphere  compared  with  conventional  dual-sheet  aluminum  WBS's.  The  MDB  shield  is 
based  on  the  concept  of  a  dual  bumper  system  with  an  initial  mesh  bumper  that  disrupts  the  projectile,  followed  by  a 
high  strength  fabric  layer  that  slows  the  expansion  of  the  debris  cloud  prior  to  contacting  the  hack  sheet  (Fig.  lb).  The 
mesh  is  composed  of  overlapping  wires  in  a  square  pattern.  Where  the  wires  overlap,  localized  mesh  areas  w  ith  greater 
bumper  thickness  are  created  which  contribute  to  the  disruptive  forces  exerted  on  the  projectile  by  increasing  the  shock 
duration  in  the  projectile  during  the  impact  event.  Generally,  in  two  stage  light-gas  gun  testing  with  projectile  diameters 
of  around  30  mm.  the  mesh  is  selected  with  wire-to-projectile  diameter  ratios  from  0,07  to  0. 10.  so  that  4  to  6  wires  are 
■'cut"  by  the  diameter  of  the  projectile.  In  these  studies,  an  MDB  was  tested  w  ith  a  mesh  that  would  be  effective  against 
a  spherical  projectile  with  the  same  mass  as  the  thin  HVL  flyer  plate. 


The  MDB  shields  were  also  subjected  to  HVL  testing.  The  mesh  consisted  of  0.3  mm  diameter  aluminum  wires  in  a 
-12  by  12  per  cm‘  square  pattern  (the  first  series  of  tests  used  0..‘)X  mm  diameter  wires  in  a  ~9  by  9  per  enr  square 
pattern--see  Christiansen,  1990),  The  second  bumper  was  a  continuous  0.63.3  mm-thick  aluminum  606I-T6  sheet 
.3 1  mm  behind  the  mesh.  A  third  bumper  consisted  of  a  number  of  sheets  of  Kevlar®  710  mounted  203  mm  away  from 
the  second  bumper  and  3 1  mm  in  front  of  the  back  sheet.  The  MDB's  that  were  tested  had  Kevlar®  bumpers  consisting 
of  between  4  and  6  layers.  The  6061 -T6  aluminum  back  sheets  that  were  tested  were  1.6  to  2.0  mm  thick. 


k'^ani:  «‘i  vlucliiini:  coiuL-pis  j.i  to  kni  ^  'T 

HYPKRVHLOri TY  IMPACT  HXPP:R1MKNTS 

At  the  lower  end  of  expected  debris  iinpact  \elocitiex,  the  deiiree  of  damaee  to  carious  shield  confieuratioiis  can  be 
eenerallv  predicted  quite  well  both  with  analytic  methods  tCour-Palais.  I'W);  Wilkinson.  Ptbb)  and  hcilrodynamics 
coile  simulations  (llertel  ft  iil..  Id‘f2l.  At  impact  velocities  below  about  7  km/s.  these  calculations  ha\e  been  validated 
w  ith  experiments  performed  on  two-staite  light  gtis  guns.  With  the  recent  dev  elopment  at  Sandia  National  l  .aboratoiics 
of  a  hypervelocity  launch  capability  (C'hhabildas  ft  til..  lW2a.  b)  it  has  bi’come  possible  to  perform  experiments  over 
the  velocity  range  of  7  to  12  km/s.  This  higher  velocity  regime  has  previously  been  inaccessible  for  gram-si/ed  plates 
but  is  necessary  to  evaluate  various  debris  shield  conligurations  in  the  mass  and  velocity  regime  associated  with  the 
bulk  of  orbital  debris. 

.■t.l  T/tf  Hypfr\'fl(n  ity  Lauttchfr  (H\  Lt 

Though  the  hyper. elocity  launcher  at  Sandia  has  been  descriK'd  elsewhere  (C'hhabildas cr  aL.  PW2a.bi  it  will  be  sum¬ 
marized  briefly  here.  There  are  theoretical  as  well  as  practical  limits  on  velocities  that  can  be  attained  by  two-stage  light 
gas  guns  (Charters,  l''fX7).  To  launch  flyers  to  hypervelocities  (in  the  range  of  7  to  12  km/s).  higher  loading  pressures 
are  required.  These  higher  velocities  are  attained  by  a  scheme  in  which  a  fraction  of  the  momentum  of  a  proiectile 
launched  from  a  two  stage  light-gas  gun  is  transferred  to  a  lighter,  stationary  flyer  plate.  \  multi-step  "shockless"  load¬ 
ing  is  required  (to  accelerate  the  plate  without  melting  or  fragmenting  it).  This  is  accomplishetl  by  means  (U  a  graded- 
density  layer  that  is  carried  by  a  projectile  and  impacts  the  flyer. 

The  diameters  of  the  flyer  plate  assemblies  used  in  this  set  of  experiments  v  aried  from  1 7  to  I P  mm.  The  A  v  er  defornis 
soinew  hat  as  it  is  accelerated,  so  at  impact  its  diameter  and  effective  areal  density  may  be  different  ( see  Fig.  and  sec¬ 
tion  .“i).  1  here  is  also  a  later  arrival  of  debris  associated  w  ith  the  launch  of  the  flyer.  This  "launch  debris"  is  made  up  ot 
remnants  of  the  graded-density  impactor  and  the  rest  of  the  projectile,  as  well  as  ponions  of  a  guard  ring  and  debris 
generated  by  its  impact  on  a  stripper.  Because  of  this  ancillary  debris  from  the  launch,  there  is  a  limited  time  frame 
during  which  useful  data  can  be  collected.  The  estimated  time  of  arrival  of  the  launch  debris  at  the  shield  assembly 
niarks  the  end  of  the  time  window  for  useful  "real-time"  data  collection. 


.1.2  f))()gt)t).vf/c,\ 

I'wo  primary  methods  of  instrumentation  were  used  to  record  data  from  these  experiments:  flash  x-rays  and  fast  fram¬ 
ing  photography.  The  x-rays  were  principally  used  to  determine  the  velocity  of  the  flyer  and  its  condition  just  prior  to 
impact  on  the  shield  assembly  TFie  franiing  cameras  recorded  the  propagation  and  ev  olution  of  the  debris  cltcids  gen¬ 
erated  by  the  impact  on  the  bumper  shields,  and  monitored  the  condition  of  the  back  sheet.  In  a  few  cases,  flash  x-rays 
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Fig.  2.  X-rav  images  of  fiver  ;ind  x-t  diagrams  for  .ISC- IP. 
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were  aKo  used  Ui  capture  the  shape  and  position  of  the  debris  cloud  a  few  niicroseconds  after  impact  of  the  tlyer.  Be 
cause  of  present  space  limitations,  tliese  imanes  will  be  discussed  in  a  subsequent  report  ( Bosloueh  cr  til..  1  v03i.  Sec  - 
eral  flash  s  tays  were  set  to  fire  in  sequence  to  capture  the  tlyer  at  various  positions  alone  its  tlieht  path.  I  he  first  three 
s  tay  itiiaees  of  the  launch  sequence  are  depicted  in  l-ie.  2  for  experiment  .ISC- Id.  To  detertnine  the  position  of  the 
fiver,  the  positioti  of  its  x-ray  itiiaee  was  measured  relative  to  markers  on  a  calibration  rod  that  was  placeil  alone  the 
boreline  for  calibration  x-rays  prior  to  the  expet  itnent.  The  Hash  time  of  each  x-ray  was  recouled  oti  a  ^nmmi  tune 
b.ise  with  a  I.eCt  >y  SN2X  dieiti/er.  To  detertnine  the  tlyer  xelocity,  a  liata  point  correspondine  to  eiich  x-ta\  miaee  was 
plottetl  in  the  x  t  [dane,  and  a  linear  reeression  was  performed.  Such  a  plot  is  shown  for  experiment  JSC  Id  in  l  ie.  2 
I  he  oriy’in  of  the  plot  is  approximately  at  the  time  and  position  of  proiectile  impact  on  the  fixer.  I'o  determine  the  xo" 
dition  of  the  fiver  at  impact,  it  was  imaeeii  by  means  of  flash  x-ray  radiography  during  its  approach  to  the  bumoer.  In 
1  ig  b.ii.  images  of  the  flyer  cotiditioti  are  reproduced  for  several  selected  experiments.  In  some  experiments,  the 
l.iunch  debt  is  deset  ibed  in  sectioti  .VI  w  as  imaged  using  flash  x-rays,  and  its  velocity  was  determined  (big  2 1.  Bv  ex- 
ti.ipolating  its  tiaiectotv  to  the  back  sheet  position,  the  time  window  for  useful  data  collection  can  be  estiiicited. 


big,  ,V  (al  Flash  x-ray  photographs  of  flyers,  ti')  c  hematic  of  framittg  camera  lields  of  view. 


.V.f  I  rtiniiiii;  l’hi>li>t;nipli  ■ 

In  most  of  the  experimetits.  two  framing  cameras  viewed  the  shield  assembly  from  the  side.  Because  the  framing  cam¬ 
era  images  are  emphasized  in  this  paper,  a  schematic  representation  of  the  view  from  each  camera  is  depicted  in 
big.  .1(h).  In  this  example,  the  Whipple  shield  configuration  is  shown.  The  effect  of  perspective  frotn  the  cameras  is 
seen,  and  it  is  clear  that  the  grid  in  the  background  cannot  be  tiseil  as  a  direct  seal,  for  position  of  the  debris.  The  debris 
froiit  is  assumed  to  lie  along  an  extension  of  the  boreline  of  the  gun,  and  is  therefore  closer  to  the  catneras  and  has  a 
different  magniheation  factor,  ('alibration  itnages  were  taken  vv  ith  a  ruler  on  the  boreline  to  determine  the  ratio  of  mag¬ 
nification  factor  on  the  boreline  to  that  on  the  gridplane.  .Since  the  gridplane  is  visible  in  the  shot  images,  it  can  be  used 
with  the  measured  ratio  to  determine  the  appropriate  magnification  factor.  The  schematic  nature  of  l  ig.  .1(b)  should  be 
emphasized,  the  perspective  is  exaggere-d.  and  in  realiiv  the  two  side  cameras  v  iew  the  scene  from  different  angles. 

4.  KFSl  ITS  .AND  DISCI  SSION 

Numerous  experiments  have  been  performed  on  the  three  different  riebns  sh.  dd  configurations;  paratiieters  that  were 
varied  included  (Iyer  material,  t’l.iss.  ami  velocity.  Not  ail  these  experiments  are  discussed  in  detail  here:  instead  several 
were  chosen  to  highl.ghi  the  effects  of  particular  differences  in  either  the  experitiiental  results  or  the  itiipact  cinitigura- 
lion.  In  this  section.  Ihe  test  results  at  imp.ict  velocities  of  about  7  and  Id  km/s  are  summarized  in  dei  iil  for  the  selected 
experiments.  I'he  impact  conditions  are  given  in  Table  1.  Whenever  a  giv  en  test  resulted  in  a  rupture  of  the  back  sheet 
due  to  inter;tction  with  the  debris  generated  b^  the  impact  of  Ihe  flyer  on  the  bumper,  the  test  was  classified  as  ■  fail  ". 
When  the  back  sheet  remained  undisturbed,  or  was  de*'  tried  without  rupturing  ove'  ■  -efiil  duration  of  the  experi¬ 
ment,  then  it  w.is  classified  as  "pass".  In  a  few  tests  we  observed  minor  "pinhole"  penc  'ioii'  that  did  nr't  ci'ntinue  to 
grow,  bhese  were  classified  as  "threshold"  tests. 

4  /  If  /;(/)/)/('  /<//»(/>('/■  Shit'Ui 

■I  I  I  /•  ypi'nini'iil .IS(  ’  v.  1  his  experiment  ex.rmined  Ihe  response  of  a  Whipple  bumper  shield  to  the  impact  of  a  b  7S I  g 
aluminum  fiver  at  7.10  km,  s.  Ihe  bumper  thickness  was  (l.lo  mm,  which  was  chosen  on  the  basis  of  calcui.iled  full 
melting  of  a  (fS  g,  I')  mm  duitneter.  I  mtn  ll.il  tlyer  imp  icting  normal  to  Ihe  bumper  surfaces.  I  he  b.u  k  sheet  thickness 
was  4  ((b  mtti.  .111(1  the  disi.ince  between  the  (wo  aluminum  sheets  was  IDS  mm.  In  Fig  1,  the  side  view  fr.iming  se 
iiiience  of  images  i.  shown.  Fhe  times  associated  with  eai  h  frame  are  relative  to  the  estimated  time  of  imp.ict  on  the 
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l  abli'  I  SuiniiKii  v  nt  I-'\|H‘i  llIu■lU^  IVrlomu’d  on  Debr  is  Shields. 
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buiiipei  A  rapidly  e\paridirre  debrrs  eloitd  eari  be  seetr  propagatini;  to  ihe  rielu  Ironi  the  point  of  inipaet.  The  front  edge 
ot  the  debt  is  is  uelbdefirted.  attd  the  apex  is  lined  trp  with  the  eeti'erline  of  the  experinient.  thin  envelope  of  bright 
material  appears  to  have  separated  from  the  darker,  main  mass  of  debris,  arul  mov  ed  ahead  at  higher  vcloeiiy.  By  mea- 
strring  the  position  of  the  frorrts  of  these  debris  elouds  as  a  function  (if  time,  the  v  elocity  of  the  leading  ettgc  of  each 
tront  cari  be  determined  by  rrteans  ot  lirrear  regression.  This  rtiethod  assumes  that  no  trcceleration  of  the  debris  ftami 
lakes  place  alter  impact.  This  assumption  is  vaird  within  Ihe  precision  of  position  measuremcn'  and  the  velocity  is 
aboiri  .‘i  .'v  km/s  for  Ihe  dark,  mam  mass  and  7.(i  km/s  for  the  brighter  envelope.  The  debris  velocities  determined  from 
Ir, lining  images  in  this  way  are  leimed  "pholo-v isiial"  vehicities.  to  distinguish  them  from  velocities  determined  via 
flash  x-iav  s  which  were  included  in  some  experiments.  The  photo-visual  velocities  tend  to  be  somewhat  different  than 
x-ray  velocities  because  in  the  former  method  visible  light  that  is  retlected  or  radiated  from  x-ray -transparent  matter 
can  bi  measured.  In  the  final  (42  us)  frame,  the  debris  cloud  has  already  impacted  on  the  back  sheet,  as  indicated  by 
the  resulting  flash.  In  Fig.  X  the  side  v  iew  (11 )  data  are  slunvii.  ('ommon  features  .  an  be  seen,  but  from  a  different  angle. 
In  Fig.  bia  i.  the  back  stirface  v  iew  framing  sei|ucnce  is  shown.  The  framing  interval  is  .1  ps.  and  the  first  frame  lime  is 
44  7  ps  after  bumper  impact.  It  is  clear  that  by  this  time  the  back  sheet  has  already  been  deformed  by  the  debris  cloud 
itiai  was  seen  impacting  it  a  few  microseconds  earlier  in  the  side  view.  In  the  following  frames,  a  secondarv  debris 
cloud  continues  to  grow,  indicating  that  the  back  sheet  has  ruptured. 
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Fig.  .s  .IS( '  T  Side  View  ( II  i. 

Ihe  mioim.iiion  in  these  im.iges  can  be  conveniently  presented  as  lime  vs.  position  in  .in  '  x-t  "  di.igi.im.  .is  shown  in 
I  iLV  tiibi  In  ihisdi.igiam.  dx  is  the  disi.ince  beliind  the  bumper,  .ind  fit  is  the  time  allei  estimated  imp,ii.l  at  the  buiiipei 
Svml'ols  mdic.ile  lime  posiiion  dal.i  ,is  determined  horn  Ihe  flaming  images  I  he  solid  line  is  the  best  luting  del'iis 
liont  li.iietlorv.  1  he  deb^i^  tioiil  velocity  is  the  lecipiocal  ot  the  slope  ol  this  line  For  leteiei  ce.  Ihe  extension  ol  ilu- 
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Fiy.  6.  (a)  JSC-3--Bai;k  View, 


(b)  JSC-3-x-t  diauram. 
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dyer  velocity  is  also  plotted  (this  would  be  the  trajectory  of  the  Hyer  in  the  absence  of  the  shield).  Because  the  back 
sheet  clearly  ruptured  at  an  early  time,  J.SC-.^  was  classified  as  a  "fail"  in  Table  I. 


4.1.2  LxiHTinu'iit  ■ISC-!'.  Because  flash  x-ray  images  of  flyers  show  that  they  tend  to  be  tilted  as  well  as  bowed,  their 
areal  densities  are  higher  than  if  they  had  remained  flat.  For  this  reason,  a  thicker  bumper  than  that  used  in  JSC-.3  w  ould 
be  required  to  provide  the  same  amount  of  irreversible  shock  energy  per  unit  flyer  mass,  thereby  completely  melting 
the  flyer.  In  JSC-.S,  the  bumper  thickness  was  increased  to  1.27  mm.  The  debris  structure  and  evolution  was  similar  to 
that  noted  for  JSC-.T  w  ith  a  separation  into  a  dark  mass  and  a  brighter,  faster  envelope.  Side  and  back  views  were  show  n 
by  Ang  ct  al.  ( 1 992 ).  where  the  leading  edge  of  the  outer  layer  could  be  seen  to  impact  the  backsheet  between  .■^7.S  and 
42. S  |is  after  bumper  impact.  The  photo-visual  velocity  of  this  debris  was  about  b.S  km/s.  and  that  of  the  dark  mass  w  as 
.5.5  km/s.  The  back  surface  view  of  the  back  sheet  showed  that  some  deformation  had  taken  place  by  .57.4  ps.  but  45  ps 
later  the  sheet  was  still  intact.  Because  the  back  sheet  remained  intact  up  to  100  ps  after  bumper  impact,  JSC-5  was 
classified  as  a  "puss". 


E.r/n’i  iiiu'iil  .I.SC-9.  For  this  test,  we  returned  to  the  original  Whipple  bumper  thickness  of  0,.30  mm,  but  the  impact 
velocity  was  increased  significantly  to9.52  kiri/s.  The  debris  cloud  developed  very  rapidly  (see  Ang  <'((//..  1992),  with 
the  outer,  brighter  cloud  expandin;  more  rapidly,  at  about  12  km/s.  It  remained  roughly  spherical,  and  was  tenuous 
enough  to  be  transparent.  The  inner,  darker  cloud  expanded  more  slow  ly.  at  9.7  km/s  and  retained  a  more  prolate  shape. 
It  appeared  to  be  more  dense,  as  it  obscured  the  view  of  the  grid  in  the  background.  The  structure  of  the  debris  was 
qualitatively  different  from  that  generated  by  lower  velocity  impacts,  but  the  outer  envelope  seen  in  those  experiments 
may  be  related  to  the  outer  cloud  obserx  ed  in  this  one.  The  most  reasonable  interpretation  is  that  the  outer  cloud  is  vapor 
and  small  droplets  of  liquid  condensing  from  it,  while  the  inner  cloud  consists  of  dense,  mostly  liquid  debris.  The  back 
view  framing  sequence  indicated  that  the  backsheet  was  not  penettated  until  6t=4().4  ps,  after  which  damage  proceeded 
\ery  rapidly  compared  to  shot  JSC-.^.  This  is  IS  ps  after  the  outer  low  density  debris  cloud  arrived  at  the  backsheet. 
and  is  consistent  with  the  arrival  of  the  dark,  inner  cloud.  The  results  of  test  JSr-9  were  clearly  classified  as  "fail". 


4.1 .4  Expcrimciil  .ISC-12.  F-’or  J.SC’- 1 2.  the  thick  ( 1.27  mm)  Whipple  bumper  was  used  w  ith  a  high  velocity  (9,92  km/ 
s)  flyer.  In  this  case,  the  flyer  mass  was  reduced  to  (t..5().3  g,  by  using  a  magnesium  plate.  The  side  view  sequence  (Fig. 
7 )  shows  that,  like  JSr-9,  there  is  a  clear  separation  of  the  debris  cloud  into  two  distinct  components.  Also  as  with 
j.SC’-9.  the  perforation  of  the  backsheet  appears  to  take  place  significantly  later  than  arrival  of  the  faster  cloud.  The  outer 
debris  velocity  for  JSC’- 1 2  w  as  determined  to  be  over  1 5  km/s,  and  that  of  the  inner  cloud  w  as  about  10.6  km/s.  Because 
there  was  no  apparent  growth  of  the  hole  after  the  plate  was  penetrated,  JSC- 1 2  was  classified  as  "threshold". 


I  ig  7.  JSC  12  sale  Slew  llh. 
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4.2.1  LxiH'i'iiiwnl  .ISC- 1 >  I'liis  \\;l^  the  til  si  tost  iiUDlvinj;  the  MSS  Lontiiiunition  iinutc  up  ot  the  BI-54  Nexiel '  fubrie 
as  (lesciihed  in  section  2.2.  The  ttyer  uas  0.741)  u  tit  altiminiiin.  and  it  was  launched  to  a  \elocity  ot  4.60  kni/s.  The 
linal  x-ray  radiograph  ot  the  dyer  before  inipact  indicates  that  it  consisted  of  a  large  piece  with  some  small  trailing  frag¬ 
ments.  The  side  \  iew  framing  images  shown  in  Tig.  S  indicate  a  somexshat  different  debris  cloud  development  and  evo¬ 
lution  than  was  obserxed  iti  the  Whipple  bumper  experiments.  Most  noteworthy  is  the  fact  that  the  debris  front  velocity 
slows  down  with  each  subsequent  shield  interaction.  Tor  example,  at  St=6,.S  ps.  the  debris  from  impact  on  the  lirst 
shield  has  just  arrived  at  the  second  shield,  as  indicated  by  the  brightly  glow  ing  area  on  the  dow  nrange  side  of  the  sec¬ 
ond  shield.  By  16. .x  ps.  debris  has  arrived  at  the  third  shield,  but  it  is  another  .70  ps  or  so  before  the  main  mass  of  debris 
hits  the  fourth  shield  Another  feature  of  A  the  apparent  generation  of  multiple  debris  fronts  that  behav  e  differently 
upon  interaction  with  the  shield  layers.  In  the  16.5  ps  frame  (when  the  debris  is  between  shielrls  2  and  .7).  two  distinct 
debris  types  can  be  seen  which  have  much  in  common  with  those  identitied  for  shot  J.SC’-4  and  .I.SC-12.  The  behavior 
of  the  debris  fronts  w  hen  they  arrive  at  the  Nextef  shields  supports  the  prev  ious  identilication  of  the  diffuse,  faster 
front  with  v  apor  and  mist,  and  the  slower  front  with  dense  solid  and  liquid.  The  debris  in  the  faster  front  appears  to  pass 
though  the  holes  in  the  fabric  w  ith  little  interaction.  This  effect  can  most  readily  be  seen  in  upper  part  of  the  26.5  ps 
frame,  u  here  the  faster  front  is  approximately  continuous  across  shield  .7.  w  hereas  the  bright,  slower  front  show  s  a  dis- 
■  ontinuity.  These  phenomena  are  discussed  further  in  section  4.2.5.  In  the  back  view  sequence  (not  shown),  the  tirst 
indication  of  damage  is  not  until  about  146  ps,  so  .ISf’-1.5  is  a  "pass". 


6.5  ps  16.5  ps  26.5  ps  .76  5  ps  46.5  ps 


Tig.  S.  .I.SC- 1 5--side  v  iew. 


4.2.2  Cxpcriim’iii  .ISC-IS.  The  only  difference  between  this  test  and  JSC'- 15  was  the  lower  Hyer  mass  ((1,544  gi.  the 
slightly  higher  itnpact  velocity  (4.S.5  ktn/s).  and  the  condition  of  the  llyer  befo.i'  impact  (fully  intact  hut  bowed-see 
Tig.  .7).  The  debris  cloud  images  (Fig.  4)  are  qualitatively  similar,  but  have  a  greater  degree  of  axial  symmetry,  possibly 
ilue  to  the  more  sytntnetric  condition  of  the  liver  at  impact.  The  discontinuity  of  the  debris  front  on  either  side  of  each 
shield  is  more  extreme  (giv  ing  rise  to  a  "wedding  cake"  like  structure).  In  this  case  the  diffuse,  faster  front  also  appears 
to  be  discontinuous.  There  is  sotne  evidence  for  a  third  component  of  debris;  a  roughly  spherical  bubble  centered  about 
a  point  mov  ing  downrange.  One  such  bubble  can  be  seen  growing  and  mov  ing  dow  nrange  in  the  third  intershield  space 
between  2.7.6  and  .7S.6  ps.  After  .7S.6  ps.  a  sitnilar  bubble  evolves  in  the  last  intershield  space;  it  is  sharpest  in  the 
4.7,6  ps  itnage.  The  .I.SC-  IS  data  were  div  ided  into  four  sets,  each  corresponding  to  front  measuretnents  within  one  of 
the  four  76  mm-wide  intershield  spaces.  Each  set  of  data  (some  containing  only  two  points)  were  independently  ht  to 
a  straight  line  to  estimate  the  velocity.  The  approximate  velocities  determined  in  this  way  were,  in  chronological  order' 
15.  4.  4.  and  6  km/s.  Because  of  the  small  data  sets  and  the  relatively  large  uncertainties  these  v  elocities  are  estimates, 
but  the  general  trend  indicates  a  decrease  iti  velocity  with  each  shield  interaction.  In  this  experiment,  there  was  a  long 
delay  between  the  estimated  time  of  arriv  al  of  debris  upon  the  back  sheet  and  the  first  sign  of  damage,  so  ,l,Sf'-lS  is  a 
"pass";  the  rupture  was  caused  by  the  ancillary  "launch”  debris. 


4.2..<  f-.'prrinicnl  .ISC-14  The  only  substantive  difference  In’tween  this  test  and  .I.SC-  IS  was  in  the  choice  of  NexteC  . 
In  this  case  it  was  BT.54  "si/ed".  !.<•.  hailed  with  an  anti-irritant  coating  so  that  it  can  Ix’  handled  manually  ).  The  mass 
aixl  velocity  of  the  aluminum  llyer  were  almost  (he  same,  at  ().6,74g  and  4.47  knVs.  respectively  .  The  evolution  and 
sh.ipe  of  the  debris  clouds  are  remarkably  similar  for  both  experiments  (Tig.  Id).  The  gmwth  and  motion  of  the  debris 
bubble  at  24. S  and  24. S  ps  is  particularly  clear  and  sharp.  Another  feature  can  also  be  seen  In  the  .ISC- 1 4  im.iges. 


loj  M  B  (.11  tf  til. 

unitormly-spaLed  pattern  appears  just  aft  of  at  the  third  shield  (approximate  center  of  field-of-view).  The  hori/tontal 
streaking  of  these  features  is  consistent  with  dehris  streaming  through  a  periodic  pattern  of  holes  in  the  woven  fabric 
shield.  Position-time  histories  are  plotted  in  Fig.  2,  with  optimal  linear  fits  indicating  a  decrease  in  debris  velocity  from 
14  km/s  behind  the  first  shield  to  ,‘S  km/s  behind  the  third,  in  general  agreement  with  JSC-  IN.  Also  plotted  in  f-ig.  2  is 
the  time  of  the  last  image  of  the  back  surface  of  the  hack  sheet  before  the  hrst  indication  of  penetration. These  images 
show  no  ilamage  to  the  back  sheet  until  about  IXd  |is  after  the  flyer  impacts  on  the  first  bumper,  so  J.SC- 19  is  a  "pass  ". 


I  4.S  ps 


.M.S  ps 


l  ie.  Itf  .I.SC  19  siilo  V  iew  (II  i. 


4.2.-/  vuciil  .IS(  '-21).  This  test  was  similar  to  the  previous  two.  but  made  use  of  lighter- weight  .M-b2  \extel  .  The 
aluminum  flyer  mass  was  (l..^94  g.  and  the  velocity  was  10. 12  km/s.  The  (Iyer  was  intact  just  before  impact  (Fig.  .^i.  but 
it  appears  be  quite  irregular  in  shape  compared  to  the  previous  two  experiments.  This  irregularity  is  probably  the  reason 
for  the  somewhat  less  symmetric  debris  cloud  form  seen  in  the  side  view  sequence  (Fig.  I  i,  12a). However,  the  main 
features  noted  before  are  still  present.  Between  l.T.'S  and  17.,‘S  ps.  a  mov  ing  debris  bubble  can  be  seen  in  addition  to  an 
outer  diffuse  and  inner,  denser  cloud.  Further  dow  nrange.  it  can  lu‘  seen  that  there  is  actually  more  than  one  diffuse 
debris  cloud.  This  is  most  apparent  at  40. b  ps  in  Fig.  12(a). 

l.-'sps  .S..S  ps  9..S  ps  I.^..XJts  l7..Sps 


Fie.  1 1 .  ,I.S(  ■  20  side  v  iew 


For  this  experiment,  an  attempt  w  as  made  to  determine  time-position  data  for  all  the  debris  fronts.  These  are  plotted  in 
Fig.  1 2lb).  where  different  symbols  are  used  to  denote  different  debris  fronts,  and  the  calculated  velocities  correspond 
only  to  the  fastest,  outerntttst  front.  The  back  view  of  the  back  sheet  shows  that  it  is  still  fully  intact  as  (tf  IbO  ps  after 
impact  on  the  first  bumper,  so  this  test  was  a  "pass  ". 
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Fig.  I  2.  1 ,1 1  .IS( '  20  Mile  V  iew  ( II I. 
I  b)  .I.S(  '20  St  di.iei.im. 
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4.2.^  lifMSS  Pchris  t-A'nhirion  The  tlyei  impact  and  suhsetjuoni  interaction  hctvceen  dehris  fronts  and  ad¬ 

ditional  shield  layers  clearly  leads  to  a  richer,  more  complicated  structure  and  e\  olution  ot  dehris  tor  this  shield  assem- 
hly  in  comparison  to  that  for  the  simple  metallic  WBS.  Pie.  I.'  depicts  a  hiehly  simplified  interpretation  of  the  oriein 
of  the  \  arious  parts  of  the  dehris  chnnl.  The  (leure  show  s  a  sec|uetice  of  schematic  snapshots  of  the  dec  elopment  of  an 
idealized  dehris  cloud  as  It  propresses  throuph  the  first  twi'  shields.  Fipure  I  .^(a)  show  s  the  structure  of  the  dehris  short- 
l\  after  impact  at  which  time  it  has  separated  into  twt>  ct'tnponents;  -f.  the  vapor  cloud,  and  H.  the  dense  solut/licpiiit 
dehris  huhhie.  The  situation  shown  in  l  iL’.  I  .’(h)  is  the  instant  the  dense  dehris  htihhie  arrives  at  the  second  shield.  A 
portion  of  the  v  apor  cloud  A  has  already  passed  throuph  the  porous  fahric.  piv  inp  rise  to  v  apor  c  loud  ( '  in  the  second 
space,  l  ipure  l.^(c)  depicts  the  situation  after  the  main  huhhie  H  has  collided  vv  ith  the  second  shield.  The  vapor  cloud 
('  has  propapated  downranpe,  and  the  mass  concentration  I'f  tlyer  material  at  the  apev  of  huhhie  H  penerates  a  pair  of 
dehris  components.  I)  and  /•.,  that  are  .inalopous  to  ,f  and  from  the  oripinal  impact,  l-inally.  the  "skin''  I'f  huhhie  /< 
interacts  w  ith  the  second  shield,  peneratinp  dehris  fiont  /  .  Obviously,  if  a  similar  set  of  interactions  takes  place  at  each 
shieltl.  the  numhet  of  dehris  components  will  inciease  niuch  tnore  rapidiv  than  the  numher  observed  in  the  framinp 
imapes.  However,  this  picture  does  prov  ide  a  conceptual  Iratnework  lot  identification  of  v  arious  debris  fronts. 

Vli'sli  pdiihlc  ItmnjH'r 

4  2.1  lAiH’iiiiicnr  JS(  '-6.  In  this  test,  an  MOB  shield  such  as  that  described  in  section  2,2  was  stihjecied  to  impact  by  a 
(i.76h  p  alumintim  dyer  at  7.4h  km/s.  The  Hash  .x-ray  imape  of  the  tlyer  Asefore  impact  indicates  that  it  was  intact  and 
bowed,  hut  was  tilteii  at  impact,  it  is  very  diflicult  to  see  the  form  of  the  dehris  beivveen  the  mesh  and  the  second 
bumper  in  the  framinp  setpience  because  of  impact  Hash  (l-'ip.  I4i.  and  it  is  not  possible  to  make  anv  quantitative 
statements  about  it.  However,  the  dehris  cloud  that  forms  immediately  downranpe  from  the  second  bumper  has  a  verv 
well-dehned  leadinp  eitpe  from  vv  hich  it  was  easy  to  detertnine  a  velocity  of  about  h..‘s  km/s.  This  dehris  cloud  is  quite 
different  from  that  penerated  by  the  Whipple  bumper,  in  that  the  irtiter  envelope  of  faster  material  is  not  present. 
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I  his  cloud  can  he  seen  collidinp  w  ith  the  third  I  Kev  lar  ')  bumper  in  l-'ip.  I  .S,  peneratinp  another  debris  cloud  in  the 
tollovvinp  space  with  a  ve'  icily  of  rouphiv  S  km/sec.  This  increase  in  velocity  after  interaction  with  a  bumper  was  not 
observed  in  any  of  the  M.S.S  tests  (within  the  uncertainty  of  titeasuremenl ).  However,  there  are  valid  reasons  w  by 
metal  dehris  impactinp  a  polymer  containinp  composite  could  penerate  a  secondary  dehris  cloud  vv  ith  a  hipher  expan¬ 
sion  velocity  as  observed.  The  sec|uence  of  hack  surface  imapes  (not  show nt  demonstrate  that  the  hacksheet  is  perfo 
rated  quite  early  by  the  dehris.  hut  the  perforations  do  not  appear  to  prow  very  much  F  or  this  reason.  .ISC  h  was 
classified  as  heine  on  the  threshold  of  failure. 
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4. 1.2  Experiment  PII-.E  In  this  test,  a  0.794  aluminum  flyer  hit  an  MDB  at  9  ts  km,^  A  more  massive  MDB  was  used, 
with  hve  layers  of  Kevlar  in  place  of  the  four  layers  used  in  the  previous  experiments,  and  w  ith  the  aluminum  backsheet 
increased  in  thickness  to  2.().7  mm.  The  framing  images  in  Fig.  16(a)  show  the  debris  approaching  and  impacting  the 
second  (solid  aluminum)  bumper,  and  the  debris  cloud  that  is  generated  from  that  impact.  The  velocity  of  the  debris  in 
the  hrst  intershield  spacing  was  about  1.5  km/s.  However,  a  faster,  more  tenuous  front  is  also  visible.  The  debris  in  the 
second  spacing  was  moving  at  a  remarkably  high  velocity  of  nearly  16  km/s.  This  increase  in  velocity  at  the  second 
bumper  for  Id  km/s  iiiipacis  has  since  been  confirmed  by  other  experiments  on  .MDB's.  The  lower,  post-Kevlar  debris 
velocity  of  about  5  km/s  is  a  lower  bound.  Because  the  backsheet  did  not  suffer  damage  until  well  after  arrival  of  an¬ 
cillary  launch  debris,  experiment  PII-.7  is  listed  as  a  "pass". 
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.3.  ANALYSI.S  AND  COMPARI.SON  OF  RESULTS 

The  analysis  of  the  shielding  concepts  reported  in  this  section  is  preliminary  because  the  flyers  are  bowed  in  shape  as 
opposed  to  the  flat  disks  that  have  been  considered  analytically.  In  some  experiments,  the  bowed  disks  are  skewed  or 
tilted  as  well  (Fig.  3).  so  the  initial  impact  is  no  longer  an  axially  symmetric  process.  Irregular  impacts  are  far  more 
likely  than  geometrically  simple  impacts  to  occur  in  orbit,  but  they  are  more  difficult  to  simulate  w  ith  computer  codes. 
Some  modelling  of  the  flyer  and  first  bumper  interaction  is  needed  to  understand  the  complex  fragmentation  that  takes 
place.  The  purpose  of  the  present  test  series  was  to  extend  the  shield  development  undertaken  with  spherical  aluminum 
flyers  at  7  km/s  (Cour-Palais  er  <il..  1992)  to  higher  velocities.  However,  it  is  possible  to  glean  some  interesting  results 
if  we  consider  the  relative  areal  densities  of  the  intact  flyers  and  the  shields. 


Radiographs  of  the  flyers  taken  prior  to  impact  (Fig.  3)  show  that  the  curvature  of  the  disks  reduces  their  effective  di¬ 
ameter.  Given  a  disk  thickness  of  I  mm  and  diameter  of  19  mm,  the  mass  of  an  aluminum  flyer  is  (1.77  g  and  its  areal 
density  is  about  0.27  g/cm\  If  the  curvature  decreases  its  diameter  to  a  chord  of  1 7  mm.  the  areal  density  increases  to 
a  mean  of  about  0.34  g/cm\  The  diameters  of  a  number  of  flyers  were  measured  from  the  x-ray  images,  and  their  known 
masses  (Table  1 )  were  used  to  determine  the  areal  densities  at  impact  (see  Table  2).  These  numbers  are  based  on  the 
assumption  that  the  single  radiographic  projection  available  is  representative,  i.e.  that  flyers  are  approximately  sym¬ 
metric.  In  a  few  of  the  experiments,  orthogonal  x-rays  taken  prior  to  impact  show  that  the  flyer  is  still  approximately 
circular  ( for  those  experiments,  the  mean  diameter  is  given).  This  interpretation  is  also  supported  by  the  symmetric  and 
smooth  appearance  of  most  of  the  flyers  in  the  radiographs.  However,  flyers  may  be  tilted  and  their  areal  projection  on 
the  plane  perpendicular  to  the  velocity  vector  will  not  be  circular,  giving  rise  to  signiheant  uncertainty.  The  resulting 
flyer  areal  densities  were  used  to  calculate  several  shield  parameters  (Table  2)  that  can  be  compared  directly  with  sim¬ 
ilar  results  obtained  with  undeformed  spheres  and  disks  launched  by  a  light-gas  gun  to  7  km/s. 


The  WB.S  tests  can  be  summarized  as  follows:  JSC-3  failed.  JSC-.S  passed  but  the  back  sheet  experienced  two  small 
dimples,  JSC-9  failed  and  JSC- 1 2  had  one  small  perforation  and  was  on  the  threshold  of  failure.  Thus  the  ballistic  limit 
for  a  total  shield  areal-density  ( A-D)  of  1 .44  g/cnr  is  an  initial  impact  momentum  between  the  5.1  x  lo"'  dyne-seconds 
for  JSC-3  and  3.0x  10^  dyne-seconds  for  JSC-12  (Table  2).  However,  in  .I.SC-12,  the  flyer  had  a  ring  of  fragments,  so 
its  effective  A-D  was  lower.  It  is  possible  that  a  fragment  escaped  bumper  impact  and  did  further  damage,  or  that  there 
were  more  solid  bumper  fragments  for  the  lower-momentum  impact  (JSC- 1 2 ). 
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The  four  MSS  tests  (JSC- 1 5, IS,  14,  tind  20)  all  passed.  The  first  thinp  to  note  is  that  the  total  shield  A-I3's  are  much 
lower  than  for  the  WBS  shields.  The  total  A-D  is  1  'T  less  for  the  MSS  tested  in  JS('- 1 S  compared  to  the  WBS  in 
JSr-12,  yet  the  MSS  survived  a  hieher-niomentum  impact  than  the  WBS,  which  was  on  the  threshold.  .A  comparison 
of  JSC- 1  .S  and  JSC- 14  w  ith  JSC- 1 2  show  s  that  the  MSS  also  passes  w  ith  a  I  ‘/r  lower  A-D  for  a  heavier,  denser  flyer. 
Finally.  JSC- 20  can  he  compared  with  JSC-  IS  to  show  that  the  total  shield  A-D  can  be  funher  reduced  to  lighter 
than  the  heavy  WBS.  The  MSS  shields  tested  in  JSC- IS  and  14  were  slightly  lighter  than  the  "baseline  "  shields  that 
were  derived  in  previous  tests  (Cour-Palais  ct  al..  1442).  In  those  tests  a  1.27  g  spherical  aluminum  projectile  at 
6.7.^  km/s  was  the  ballistic  limit  for  an  impact  momentum  of  S..S  x  lO'’  dyne  secomls.  The  limited  results  of  these  tests 
suggest  that  a  10  km/s  bowed  disk  projectile  is  more  damaging  than  a  spherical  projectile  for  a  given  momentum  and 
areal  density,  in  agreement  with  Flertel  cl  uL,  1442  who  showed  that  for  a  "plate"  impact  (unlike  a  spherical  impact) 
the  resulting  debris  cloud  tends  to  be  more  channelled  and  focussed.  The  corrections  to  allow  for  shape  effects  in  the 
predictive  equations  derived  from  light-gas  gun  tests  with  spheres  at  7  km/s  must  aw  ait  the  further  tests  that  are  planned 
at  this  facility. 


The  two  MDB  experiments  were  selected  to  show  the  effect  of  bumper  areal  density  on  survival  of  this  design,  and  to 
compare  their  effectiveness  to  heavier  WBS's.  'SC-b  was  of  the  lightest-weight  design,  and  was  just  on  the  threshold 
of  failure.  It  is  noteworthy  that  the  bumper/tlyer  A-D  ratio  was  lower  by  a  factor  of  .T  and  the  total  shield  A-D  was 
about  4.7‘/f  less  than  the  WBS  tested  in  JSC-.J.  which  clearly  failed  under  similar  impact  conditions  (the  flyer  was  highly 
tilted  for  JSC-6,  giving  it  a  high  average  areal  density).  PII-.J  was  a  test  of  an  MDB  design  w  ith  an  areal  density  of 
0.44  g/cm'.  slightly  less  than  the  MSS’s,  and  lighter  than  the  WBS  that  barely  survived  similar  loading  conditions 
in  test  JSC- 1 2.  The  flyer  w as  highly  deformed  with  a  small  radius  of  curv  ature.  giving  it  a  relatively  high  A-D.  Never¬ 
theless,  the  shield  survived  an  impact  with  the  largest  flyer  momentum  test,  with  a  lower  bumper/flyer  A-D  ratio  than 
any  of  the  MSS  tests. 


Table  2.  Debris  Shield  Test  Parameters. 


Shot  No. 

Flyer 

momentum 

(in-’dyne-.see) 

F.ffective 

hyerdiam. 

(mm) 

Mean  flyer 
A-I),  mf 
(g/cm^) 

Bumper 
A-I),  mj, 
(g/cm^) 

Baeksheel 
A-I).  m^s 
(g/cm^) 

Total  Shield 
A-I),  m^ 
(g/cm^) 

Bumper/flyer 
A-U  Ratio, 
mh/m, 

Shield/flyer 
A-I)  Ratio. 

my'mf 

JSC-.J 

.S..S.J 

IX.4 

().2X 

0.0X5 

I.IOI 

1.18 

0.31 

4.3 

JSC-.S 

.S.7(l 

16.4 

0.35 

()..343 

1.101 

1.44 

0.47 

4.1 

JSC-4 

7.4(1 

16.7‘‘ 

(1.36 

0.085 

I.IOI 

0.24 

3.3 

JSC- 12 

4.44 

20.2^ 

0.16 

()..343 

1.1(11 

1.44 

2.18 

4.2 

JSC- US 

7..SX 

14.4 

0.45 

0.432 

0.551 

0.48 

0.45 

22 

J.SC-1S 

.5.40 

16.,S 

0.28 

0.432 

0.551 

0.48 

1,54 

3.5 

JSC- 14 

6.32 

LS.X 

0.32 

0.432 

0.551 

0.48 

1..34 

3.0 

JSC-2() 

6,01 

16.0 

().,3() 

().4(I0 

0.551 

0.45 

1..36 

3.2 

JSC-6 

.S.7I 

I3..S 

()..54 

().,35() 

0.322 

0.67 

0.65 

1.3 

PII-.J 

7.62 

14.3 

0.44 

0.3X2 

0.5.55 

0.44 

0.77 

1.4 

a.  Flyer  is  broken  ;inil  has  trailing  fra.itincnls, 

b.  Incluilcs  Uiarnclcr  ol  fragmcnl  ring. 


6.  SUMMARY 

Kxperiments  have  been  performed  on  the  Sandia’s  Hypervelocity  Launcher  to  characterize  and  evaluate  both  simple 
and  advanced  shielding  concepts  that  are  proposed  for  use  with  spacecraft  in  low  earth  orbit,  such  as  Space  Station 
Freedom.  Experiments  were  conducted  over  a  velocity  range  of  7  to  10  km/s.  a  range  heretofore  not  accessible  by  con¬ 
ventional  smooth  bore  launchers.  Orbital  debris  impact  is  simulated  by  launching  a  plate-like  projectile  at  the  proposed 
shield  designs.  The  simple  shield  concepts  make  use  of  an  aluminum  W'hipple  Bumper  Shield  placed  at  a  distance  from 
its  protective  structure.  Concepts  for  advanced  shielding  include  both  the  Mesh  Double  Bumper  and  Multi-Shock 
Shields,  Results  and  conclusions  from  these  experiments  may  be  summarized  as  follow  s: 


Whipple  Bumper  Shield: 

•  A  WBS  w  hose  bumper  thickness  is  (I..J  mm  is  not  sufheient  to  protect  a  back  w  all  about  4  mm  thick  placed  .JOS  mm 
away  w  hen  an  (I.7S  g  plate  in  the  shape  of  a  bowed  disk  initially  about  14  mm  in  diameter  by  about  1  mm  thick 
impacts  it  over  a  velocity  range  of  7  to  1(1  km/s. 
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•  A  similar  WBS  whose  bumper  thiel  less  is  increased  to  1.3  mm  is  sufHeient  to  protect  a  back  wall  about  4  mm 
thick  placed  .3(1.3  mm  away  under  si'iiilar  loading  conditions  at  about  7  km/s.  even  when  the  total  shield-to-projec- 
tile  A-D  ratio  is  slightly  lower. 

Mtilti-.Shock  Shield: 

•  The  MS.S  is  etfective  at  dispersing  incoming  bowed  disk  li  vers  w  ith  masses  up  to  ().7‘l  g  (about  1 9  mm  diameter  by 
I  mm  thick)  at  velocities  up  to  about  10  km/s.  It  consistently  prevents  rupture  ol  a  2  mm  thick  back  sheet  located 
.30.3  mm  from  the  front  bumper  shield. 

•  With  an  areal  density  reduction  of  up  to  .3.3'/f .  the  MSS  is  more  effective  than  the  W'BS  against  impact  by  bowed 
disk  aluminum  plates  at  up  to  10  km/s. 

•  The  MSS  disperses  debris  in  both  space  and  time,  generating  multiple  debris  fronts  at  each  successive  bumper.  As 
the  debris  fronts  propagate  through  the  shield  assembly,  they  slow  down. 

Mesh  double  Bumner: 

•  An  MIDB  w  ith  a  back  sheet  0. 16  mm  thick  placed  .30.3  mm  from  the  lirst  mesh  location  appears  to  be  on  the  sure  ival 
threshold  when  impacted  by  a  0  73  g  bowetl  disk  about  10  mm  in  diameter  and  1  mm  thick.  This  shield  was  about 
4.3'T  lighter  than  a  WB.S  that  clearly  ruptured  under  less  severe  Impact  conditions. 

•  With  an  areal  density  reduction  of  up  to  .3.3'/f .  the  MDB  is  more  effective  than  the  WBS  against  impact  by  bowed 
disk  aluminum  plates  at  up  to  iO  km/s. 

Cleneral: 

•  A  comparison  of  x-ray  measurements  and  photographic  measurements  of  the  debris  cloud  suggest  that  the  fastest 
photovisual  debris  is  very  low  density. 

•  For  normal  impacts,  bowed-plate  or  flat-plate  projectiles  are  tnore  damaging  than  spherical  proiectiles  for  a  given 
momentum  and  areal  density. 
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RHALE:  A  MMALE  SHOCK  PHYSICS  CODE  WRITTEN  IN  C++* 
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ABSTRACT 

This  paper  describes  RHALE,  a  multi-material  JU'biU'jrry  Lagrangian-Eulerian  (MMALE)  shock  physics 
code.  RHALE  is  the  successor  to  CTH,  Siuidia's  3-D  Eulerijui  shock  physics  ctxle.  and  will  be  capable  of 
solving  problems  that  CTH  cannot  adequately  address. 

We  discuss  the  new  Lagrangitut  capabilities  of  RHALE,  which  include  ;irbitr;u'y  mesh  connectivity,  supe¬ 
rior  luliliciid  viscosity,  and  improved  equations  of  suite.  We  also  discuss  some  of  the  issues  we  have 
encountered  in  the  choice  of  :in  :ixisymmetric  element  technology  ;ind  our  resolution  of  these  issues. 

We  discuss  the  MMALE  algorithms  that  have  been  extended  for  jirbitnuy  grids  in  both  two  and  three 
dimensions  and  present  the  results  of  calculations  that  ;ue  of  interest  to  the  hypervekx:ity  impact  commu¬ 
nity.  The  MMALE  addition  to  RHALE  provides  the  accuracy  of  a  Lagrangian  cixle  while  iillowing  a  cal¬ 
culation  to  proceed  under  very  hirge  distortions.  Coupling  ;in  ru'bitnuy  quadrilatenil  or  hexahedral  grid  to 
the  MMALE  solution  faciliUites  modeling  of  complex  shapes  with  a  minimum  number  of  computationid 
cells. 

RHALE  idlows  regions  of  a  problem  to  be  modeled  with  Lagrangian,  Euleriiui  or  ALE  meshes.  In  addi¬ 
tion,  regions  c;in  switch  from  Lagningitin  to  ALE  to  Eulerian  b<T.scd  on  user  input  or  mesh  distortion.  For 
ALE  meshes,  new  node  locations  jue  detennined  with  equipotentiid  schemes.  Element  quantities  lu'e 
advected  with  donor,  van  Leer,  or  Super-B  algorithin.s.  Nodal  quantities  lue  advected  with  the  .second 
order  SHALE  or  HIS  algorithms.  Currently,  material  interfaces  are  detennined  with  the  SLIC  ;dgorithm; 
however,  both  two  and  three  dimensional  versions  of  Youngs'  interface  Uacker  are  being  investigated. 

To  facilitate  the  development  of  such  a  lengthy  code,  we  chixise  to  write  in  the  C-^-r  prognunming  lan¬ 
guage.  We  feel  that  object-oriented  programming  techniques  :ue  superior  to  conventional  programming 
techniques.  However,  we  discuss  a  few  of  the  efficiency  problems  we  have  encountered  using  these  tech¬ 
niques  ;ind  how  we  have  addres,sed  these  problems. 


*This  work  performed  at  Sandia  Natiomil  Laboratories  supported  by  the  U.S.  Dep;irtment  of 
Energy  under  contract  number  DH-AC04-7ftDP(M)78y. 
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INTRODUCTION 

Thcoreticiil  studies  of  hypervelocity  impact  phenomena  make  heavy  use  of  computer  simulations.  The  computational 
kernel  of  these  simulation  ccxles  (frequently  called  “shock  codes”,  “hydro  code.s".  or  “wave  codes”)  must  be  highly 
efficient  and  capable  of  handling  strong  shocks  and  ku'ge  defonnations. 

The  strong  shock  code  CTH  (McGlaun  el  ai  19X6)  is  u.sed  extensively  in  the  simulation  of  hypcrvelocity  impacts. 
This  code  uses  an  Eulerian  finite-volume  formulation  of  the  equations  of  motion,  includes  sophisticated  equations  of 
slate,  and  has  .strength  and  fracture  models.  Its  results  have  been  extensively  checked  against  experimentiil  data  for 
regimes  where  such  daki  ttfe  avtiilable  :uid  have  been  shown  to  be  remarkably  accurate  for  many  classes  of  problems. 
It  is  heavily  supported  ;ind  widely  used  throughout  the  DOE,  DoD.  and  NASA  communities  and  its  capabilities  con¬ 
tinue  to  be  enhanced;  for  extunple,  a  version  suitable  for  massively  parallel  computers,  PCTH,  is  currently  in  devel¬ 
opment  (Robinson  ei  al..  1992). 

However,  CTH  suffers  from  the  limitations  inherent  in  any  shock  code  based  on  a  purely  Euleritui  formulation.  Since 
material  Hows  through  a  fixed  mesh,  advection  algorithms  ;u'e  required  which  introduce  numerictil  di.spersion  and  dis¬ 
sipation.  Sliding  between  surfaces  is  diflicult  to  model.  Since  Eulerian  fonnulations  generally  use  a  reguhu-  mesh,  the 
si/e  of  mesh  elements  ctin  be  vjuied  only  in  limited  ways,  which  means  that  element  dimensions  tend  towiirds  the 
.smallest  length  settle  of  interest  in  the  ctilculation.  Large  regions  of  empty  space  must  tdso  be  included  in  many  grids. 
The  latter  two  limitations  make  mtuiy  interesting  calculations  prohibitively  expensive. 

Shock  codes  biLsed  on  Lagrtuigitin  formulations  avoid  these  difficulties.  Since  the  mesh  moves  with  the  materitil,  no 
advection  ttikes  place  and  the  assix:iated  numerietd  dispersion  and  dLssiptition  is  avoided.  Sliding  is  htindled  much 
more  accurately  than  in  tin  Euleritin  code.  Element  connectivities  ;ind  volumes  are  .u'bitnu'y  and  can  more  ea.sily 
reflect  the  very  different  length  .setdes  in  different  portions  of  the  problem.  Lagrangian  codes  are  thus  preferred  for 
problems  requiring  high  numerical  accuracy  or  where  differing  length  scales  tu'e  important  and  in  which  kage  defor¬ 
mations  do  not  take  place.  They  fail  whenever  large  defonnations  are  present,  since  highly  distorted  elements  lose 
accuracy  or  may  even  invert  (thus  halting  the  calculation). 

The  RHALE  code  uses  <ui  arbitnu'y  Lagrangi;in-Euleri;in  (ALE)  formulation  in  tin  effort  to  get  the  best  ol  both 
worlds.  Although  users  can  specify  a  purely  Lagrangian  or  purely  Euleriiin  calculation  for  portions  of  the  problem 
domain,  the  nonnal  mode  of  operation  is  for  a  calculation  to  proceed  in  Lagnmgian  fteshion  until  elements  become 
highly  distorted  (as  measured  by  vicious  criteria  specifiable  by  the  user).  At  this  point,  material  is  permitted  to  flow 
between  elements  in  the  most  deformed  portion  of  the  me.sh  .so  .'is  to  reduce  the  distortion  to  acceptable  levels.  This 
formulation  permits  accurate  U'eatment  of  conuict  surfaces  and  has  less  numericed  dissipation  than  ;i  purely  Eulerian 
cidculation  (since  less  advection  Uikes  place).  Quite  large  deformations  can  t;ike  place  without  the  c;dculation  failing, 
unlike  a  purely  Lagrangi.in  cidculation.  We  are  currently  developing  ALE  idgorithms  that  :dso  preserve  vitfiable  mesh 
sciding. 


Another  innovative  feature  of  the  RHALE  development  project  is  that  the  code  is  being  written  in  C-i-i-.  We  feel  that 
the  object-oriented  programming  pimtdigm,  which  C+-1-  .supports,  is  the  best  approach  to  the  development  of  such  a 
lengthy  code.  We  lae  addressing  some  of  the  known  efliciency  problems  with  C-i-i-  through  a  viuiety  of  programming 
techniques,  including  reference  counting,  deferred  expression  evaluation,  and  hidden  calls  to  assembly  language  rou¬ 
tines. 

RHALE  is  being  developed  in  parallel  with  PCTH  and  the  two  projects  lu^e  expected  to  shitfc  much  of  their  coding. 
However,  RHALE  represents  the  next  generation  of  strong  shtx:k  codes  and  may  eventuidly  replace  CTH  and  PCTH. 
It  should  be  capable  of  performing  any  cidculation  that  CTH  can  perform  (though  perhaps  .somewhat  less  efliciently) 
and  will  execute  additional  calculations  that  CTH  cannot  currently  treat. 


FUNCTIONALITY  OF  RHALE 


RHALE  supports  three  types  of  meshes:  pure  Lagrangian.  pure  Eulerian.  and  ALE.  All  meshes  may  have  itfbitrary 
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connectivity  between  elements.  An  :irbitr;iry  connectivity  me.sh  jillows  :in  :irbitniry  number  of  elements  to  shiire  :i 
common  node.  The  user  may  specify  different  mesh  types  for  different  regions  of  a  problem,  so  that,  for  example,  the 
projectile  and  Uaget  region  in  an  impact  calculation  may  be  calculated  in  ALE  mode  while  the  far-tield  Uirget  cidcula- 
tion  may  t;ike  place  in  pure  Lagningian  mi^de. 

We  have  experimented  extensively  with  a  vtiriety  of  iulilicuil  viscosity  fonnulations.  None  has  proven  consistently 
superior  to  the  sctiliu'  bulk  vi.scosity  formuhition  that  has  been  used  for  over  thirty  yetu-s.  However,  we  ;u-e  continuing 
to  experiment  with  the  spurious  vorticity  correction  methods  di.scu.s.sed  by  Dukowicz  and  Meltz  (1992)  and  may 
eventually  incorporate  ;i  spurious  vorticity  control  method  in  RHALE. 

The  finite  element  technology  of  RHALE  consists  of  uniform-stniin  quadrilaterals  (in  2-D)  or  hextihedrons  (in  3-D). 
Frame  inviu'iance  for  the  constitutive  models  is  achieved  by  using  a  corottitional  frame  formulation  simiLu'  to  that  of 
the  PRONTO  tinite-element  code  (Taylor  and  Flanagan,  1987).  The  row-summed  lumped  mass  is  used  to  diagon;ilize 
the  mass  matrix  (avoiding  htrge  mtitrix  inversions)  ;ind  the  time  integration  is  carried  out  using  an  explicit  central-dif¬ 
ference  method  (Hughes,  1987).  Thus,  individual  time  steps  ju^e  computationtdly  efficient  but  the  maximum  time 
increment  is  limited  by  a  Courant  condition. 

Since  RHALE  uses  a  unifonn-strain  quadrilateral,  spurious  zero-energy  modes  (hourglass  modes)  exist  and  must  be 
diunped.  We  provide  both  the  control  method  used  in  PRONTO  (Taylor  ;ind  Fl:in:igan.  1987).  which  is  applicable  to 
mtiterials  with  strength,  and  a  version  of  the  Margolin-Pyun  method  (Margolin  and  Pyun,  1987).  which  is  applicable 
to  fluids. 

RHALE  uses  the  equation  of  state  libntfy  being  developed  for  both  RHALE  and  PCTH.  This  library  includes  several 
Mie-Gruneisen  models,  idetd  gtis,  JWL  equations  of  stale  for  explosives.  :ind  SESAME  tabular  equations  of  state.  It 
also  has  sophistictited  strength  mcxlels  for  the  deviatoric  response,  including  the  John.son-Cook  plasticity  model. 

RHALE  c:in  handle  2-D  Ctirtesian.  2-D  tixisymmetric.  and  3-D  C.'irtesian  geometries.  We  u.se  a  volume-weighted 
rather  th;in  an  area-weighted  tixisymmetric  element  (Taylor  ;uid  Flanagan.  1987).  The  fonner  has  the  advantages  that 
the  nodid  lumped  mtisses  tae  only  slightly  time  dependent  jind  that  the  element  passes  a  restricted  patch  test.  The  hit¬ 
ter  formulation  h;is  the  advtintages  of  a  closer  corre.spondence  between  the  2-D  Ctulesian  tuid  axi.symmetric  fonnula¬ 
tions  and  of  being  better  conditioned  for  implicit  methixls.  Since  RHALE  currently  uses  an  explicit  time  integration 
method,  the  latter  consideration  is  not  important. 


MMALE  ALGORITHMS 

The  MMALE  addition  to  RHALE  involves  remeshing  to  relieve  distortion  and  remapping  velocities  :ind  state  vm- 
ables  to  the  new  mesh  while  conserving  globtd  quantities.  These  .steps  and  their  substeps  are  described  below. 


Remesh 

The  remeshing  phase  of  the  MMALE  method  determines  new  nixie  locations  that  will  partitdiy  tilleviate  the  associat¬ 
ed  elements'  distortion.  In  RHALE,  a  node  can  be  of  type  Lagnuigitan,  ALE,  or  Euleritin,  reflecting  the  type  of  mesh 
of  which  it  is  ptat.  Nodes  on  boundaries  between  meshes  of  different  type  tae  given  the  more  restrictive  type 
(Lagrangian  rather  than  ALE;  ALE  rather  than  Euleriiin). 

Remeshing  is  a  three  step  process.  First,  nodes  that  meet  the  criteria  for  being  moved  ;uv  tagged.  Next,  new  positions 
tae  ctilcuhited  for  candidate  nixies.  Euleriiin  nodes  are  moved  to  their  original  location.  Lagningian  nodes  remain 
fixed  in  fhe  rernesh/remiip  phase,  and  ALE  nodes  iire  moved  based  on  disforfion  criferia.  Finally,  fhe  iictuiilly  move¬ 
ment  of  the  selected  ALE  nodes  is  limited  to  some  fraction  of  their  calculiited  movement. 

One  set  of  criteriii  for  moving  iin  ALE  node  is  given  in  the  HEMP  code  (Shiirp  iuid  Biulon.  1981).  Biaton's  criteria 
amount  to  two  tests:  iin  iuigle  test  iind  ii  volume  test.  For  these  nodes,  the  iingles  that  iae  fonn  by  the  element  edge 
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vectors  that  originate  at  the  node  are  calculated.  The  idetd  situation  is  for  the  angles  to  be  90  degrees.  Additionally, 
the  volumes  of  each  of  the  elements  that  are  connected  to  a  node  are  compared.  Ideally,  they  should  all  be  equal. 
These  calculations  must  be  performed  for  each  of  the  elements  that  surround  a  tagged  node.  To  determine  if  an  ALE 
node  should  move,  a  user  defined  minimum  angle  :md  minimum  to  maximum  volume  ratio  criteria  are  used. 


Node  and  Element  Ordering.  Determining  element  and  node  neighbors  is  trivial  for  logically  regular  meshes.  How¬ 
ever.  for  arbitrtiry  meshes,  detennining  this  infonnation  requires  sophisticated  algorithms  and  logic. 

The  most  robust  algorithms  for  determining  new  node  kx-ations  require  the  coordinates  of  node  neighbors.  The  iden¬ 
tification  of  a  node’s  closest  neighbors  is  not  a  trivial  problem.  Explicitly  storing  this  infonnation  or  using  a  searching 
algorithm  would  mtike  the  ALE  formulation  unrealistic  if  not  impossible  due  to  the  enormous  memory  and  CPU  bur¬ 
den.  To  overcome  this  problem  in  two  dimensions,  the  methods  of  element  and  mxle  ordering  described  by  Benson 
(1989)  were  adopted.  Benson’s  method  relies  solely  on  counterclockwise  ordering  of  nodes  within  an  element,  tutd  of 
elements  about  a  node.  Given  tui  array  that  contains  the  nixies  listed  in  counterclockwise  order  within  each  element. 
Ben.son’s  method  generates  a  hash  table  to  describe  the  relative  orientation  of  a  node  within  each  of  its  connecting  el¬ 
ements.  Since  in  two  dimensions  there  are  only  four  possible  node  locations  within  :ui  element,  a  node  can  have  a 
hash  value  of  4"‘^  where  nc  is  the  number  of  element  connections.  With  an  arbitrary  mesh,  nc  c:ui  be  huge  (four  or 
greater)  tind  thus  only  unique  hash  vtilues  for  a  mesh  are  stored.  There  is  no  known  extension  of  this  concept  to  three 
dimensions,  where  we  must  develop  more  genenil  (but  less  robu.st)  methods. 

For  the  advection  tilgorithms.  ;m  element  must  not  only  know  the  nodes  on  its  vertices  but  also  its  element  neighbors. 
This  is  relatively  easy  to  determine  by  matching  nixie  lists.  This  element  neighbor  information  plays  a  pivotal  role  in 
the  second  order  advection  algorithms. 


Applying  Equipotential  Solutions  to  the  Mesh.  In  order  to  perform  the  remeshing  phase  of  MMALE.  one  must  deter¬ 
mine  where  ;ui  ALE  node  is  to  be  moved.  There  are  many  techniques  for  deciding  where  to  move  a  node,  but  one  of 
the  most  successful  and  the  one  u.sed  in  this  MMALE  algorithm  for  two  dimensional  problems  is  a  method  ba.sed  on 
equipotential  smixxhing  (Winslow  .md  Btulon,  1982).  Winslow’s  method  is  ba.sed  on  inverting  Laplace’.s  equation. 
This  is  given  tus 


where 
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These  equations  c:in  be  approximated  with  .second  order  ccntnil  differencing  techniques  :ind  iu^e  given  as 
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and  equations  for  the  y  coordinate  are  similarly  developed. 

These  equations  can  be  applied  for  nodes  connected  to  four  elements.  For  the  other  nodes,  a  method  developed  by 
Budge  (1991)  is  used. 

Finding  the  x  and  y  coordinates  for  all  the  nodes  that  satisfy  Laplace's  equation  or  the  method  developed  by  Budge  is 
an  iterative  procedure.  Jacobi  iteration  (Press  et  al.,  1986)  can  be  used  to  solve  these  equations;  however,  MMALE 
algorithms  are  interested  in  making  small  changes  to  the  mesh  and  therefore  these  equations  are  generally  solved  only 
once  per  remap  step.  In  RHALE,  the  user  is  allowed  to  control  the  number  of  iterations  performed  on  these  equations. 


Limiting  Node  Movement.  Currently,  RHALE  has  no  limiting  criteria  placed  on  the  coordinates  determined  from  the 
equipotential  solution.  In  other  words,  the  displacement  from  the  old  to  new  coordinates  is  multiplied  by  a  fraction  of 
one.  One  should  be  concerned  about  a  node  being  moved  such  that  its  new  position  overlaps  the  old  position  of  one  of 
its  neighbors.  Test  cases  have  not  shown  this  to  be  a  problem  primarily  because  only  one  iteration  is  bciiig  performed 
with  the  equipotential  equations.  In  the  future,  node  movement  will  be  limited  since  multiple  iterations  on  the  equipo¬ 
tential  equations  is  allowed  and  Courant  stability  limits  in  the  advection  could  be  exceeded. 


Remap 

The  explicit  relocation  of  nodes  creates  an  advection  problem.  Since  time  is  not  involved,  the  advection  problem  sim¬ 
plifies  to  a  remapping  problem.  The  remap  phase  consists  of  determining  volumes  fluxes,  determining  material  fluxes 
from  volume  fluxes  through  the  use  of  an  interface  tracker,  and  advccling  material  variables  and  velocities.  The  vari¬ 
ous  aspects  of  the  remap  phase  will  be  discussed  in  the  following  sections. 


Determining  Volume  Fluxes.  The  first  step  in  any  advection  scheme  is  to  determine  the  volume  fluxes  created  by  the 
movement  of  nodes.  When  a  node  is  moved,  volume  fluxes  are  generated  through  the  faces/sides  of  the  elements.  The 
volume  flux  through  an  element  face  is  given  by  the  change  in  volume  produced  by  the  movement  of  nodes  on  that 
face.  With  this  definition  of  volume  flux,  the  new  volume  of  an  element  is  given  by 


ns 

=  V"'‘'+ (11) 

I  =  I 

where  i  refers  to  an  element's  face  and  ns  refers  number  of  element  faces  (four  in  two  dimensions  and  six  in  three  di¬ 
mensions). 


Material  Fluxes.  In  MMALE.  a  simulation  generally  begins  with  single  material  elements.  If  a  problem  remained 
Lagrangian.  the  elements  would  remain  single  material;  however,  for  problems  of  interest,  elements  quickly  become 
distorted  and  remeshing/remapping  is  used  to  relieve  distortion.  The  remeshing/remapping  pha.se  creates  multi-mate- 
rial  elements  and  thus,  the  volume  of  each  material  within  the  volume  fluxes  must  be  determined. 
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Currently.  RHALE  detenninc':  material  volume  fluxe.s  with  the  SLIC  interface  tracking  tilgoriihm  (Noh  tuid  Wocxl- 
ward.  1976).  This  idgorithm  places  matericils  within  a  cell  in  an  order  from  left  to  right  by  determining  the  materitils 
contained  in  neighboring  cells  and  assuming  a  planer  interface  between  materials.  The  materiiU  order  determines  the 
precedence  of  materials  to  be  used  in  the  material  mttkeup  of  the  volume  flux.  In  the  future.  Young’s  (1987)  interface 
tracker  will  be  added  to  RHALE. 


Element  Centered  Adveriion.  Once  the  nodes  have  been  moved,  the  element  centered  variables  must  be  adv  ected  to 
their  new  locations.  Isotropic  advection  assumes  that  the  material  is  advected  through  all  faces  of  the  element  simul- 
Uineously.  This  discussion  will  assume  that  advection  occurs  isotropictflly.  however,  RHALE  makes  one-dimensiontil 
remap  sweeps  through  the  mesh  to  aid  in  comer  coupling. 

Advection  tilgorithms  are  expressed  in  volume  iuid  mass  coordinates.  Using  the  above  definition  of  volume  flux,  a 
newly  advected  element  centered  variable  is  given  by 


5^,  A’/,, 

i  =  1 


yney^ 


(12) 


where  the  /,  's  are  detennined  by  the  type  and  order  of  the  advcf'tion  algorithm  and  V  represents  either  volume  or 
mass.  Most  intensive  quantities  are  fluxed  with  mass. 


The  simplest  advection  scheme  is  a  first  order  advection  method  since  it  does  not  involve  evaluating  derivatives: 
however,  it  is  tilso  the  most  diffusive.  The  advecting  material  is  assumed  to  carry  the  average  viilue  of  an  element  cen¬ 
tered  vjuiable  from  which  the  material  originated.  This  is  analogous  to  first  order  upwinding  in  finite  difference  meth¬ 
ods.  For  a  first  order  method,  the  f,  's  tue  given  by 


f„  if  AV';,  >0  (influx) 
f  if  i\Vf<()(outflux) 


(1.^) 


where  n  is  the  neighbor's  value. 

Two  second  order  advection  methods  tu'c  available  in  RHALE.  v;in  Leer  ( 1984)  and  Super-B  (Christensen.  1991 ). 
Both  ttfc  based  on  slopes  among  the  donor,  acceptor  and  behind  elements.  For  van  Leer,  this  relationship  is  shown  in 
the  figure  below  where  the  x-axis  represents  volume  or  mass  and  the  y-axis  represents  a  quantity  to  be  fluxed. 


Fig.  1.  Slopes  Used  in  vtui  Leer  Advection  Algorithm 
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The  three  slopes  ;ire  given  by 

•vl  = 

s2  =  (2c/,-/,^,))/a:, 

^3  =  (2(/,,,-/,))/(X,^,  +  a’,)  +  (2c/;-/;_,))/(x,  +  x,_,) 

For  the  v:in  Leer  scheme,  the  slope  used  is  given  by 


slope'  = 


Qif 


si^n(s\)  +si^n(,s2)  +5/g/i(i3) 
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si^n  (sl)min  (|5l|,  |52l,  |.v3|) 


and  the  v;due  used  for  f,  is  given  jls 


(14) 

(15) 

(16) 


(17) 


fn  +  -  AF„,)  if  AF„,  >  0  (inflow) 

f.  +  ( V,  +  AVJ  if  AV„,  <  0  (outflow) 


(18) 


Ve’  iex  Centered  Adveclion.  Vertex  centered  advection  is  very  similar  in  concept  to  element  centered  advection  ttnd  is 
required  for  advecting  nodal  quantities  such  as  momentum.  For  vertex  centered  variables,  however.  <i  staggered  grid 
exi.sts  with  vertices  at  the  center.  For  a  logically  connected  grid,  donor,  acceptor  and  behind  nodes  arc  known  for  each 
direction  ;ind  staggered  fluxes  and  advection  quantities  can  be  determined.  Amsden  and  Hirt  (1973)  developed  the 
YAQUI  tilgorithm  for  this  type  of  mesh.  However,  determining  .staggered  mesh  quimtities  can  be  very  expensive.  In 
addition,  fortm  arbitrtiry  mesh,  the  staggered  mesh  can  have  a  very  odd  shape  and  advection  quantities  are  difficult  if 
not  impossible  to  calculate.  Attempts  to  eliminating  these  problems  have  resulted  in  several  element  centered  meth¬ 
ods  for  advecting  vertex  centered  variables. 

In  RHALE  there  are  three  element  centered  options  for  nodal  vertex  centered  variables.  SALE  (Amsden  et  al..  1980). 
SHALE  (Margolin  tmd  Bea.son.  1988).  and  HIS  (Benson  1992).  All  of  these  methods  project  nodal  variables  to  ele¬ 
ment  centers,  advect  the  new  element  centered  variables  with  the  element  centered  methods  described  abtive.  and 
project  these  values  back  to  the  nodes.  SALE  simply  averages  nodtd  vtuiables  to  calculate  element  centered  qutmtities 
and  thus  is  first  order.  SHALE  averages  both  the  nodal  variable  ;ind  its  derivatives  and  thus  is  second  order.  Both 
SALE  tind  SHALE  ;u-e  monotonic  with  respect  to  the  element  centered  advection  but  not  with  respect  to  the  ncxlal 
viuiables.  This  c;m  lead  to  new  maxima  or  minima  for  nodal  quantities.  Benson's  HIS  tUgorithm  is  second  order  and 
monotonic.  The  HIS  algorithm  places  nodal  variables  at  element  centers,  advects  the  element  quimtities  ;md  assem¬ 
bles  the  viJues  bttek  ;it  the  nodes.  The  HIS  method  has  been  extended  to  iirbitrar>'  meshes  in  RHALE. 


C+-I-  EFFICIENCY  AND  OPTIMIZATION 

To  facilitate  code  development  :uid  mtuntenjtnce,  we  have  chosen  to  write  RHALE  in  C-i-i-  (Ellis  and  Stroustrup. 
1990).  We  feel  that  the  object-oriented  programming  paiadigm  provides  superior  reliability,  reusability,  and  portabil¬ 
ity.  Some  of  our  coding  is  being  developed  in  common  with  PCTH.  which  is  tilso  being  written  in  C++. 

Our  basic  classes  represent  sctilar,  vector,  and  tensor  fields.  V:irious  operations  between  objects  of  these  cl.'isses  .u-e 
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rcprescnicd  by  the  usu:il  C  opcnitors,  s(i  that,  for  example,  the  equation 

f=V.»T+/>  (E019) 

c;tn  be  coded  as 

f  =  Div{T,X)  +  b; 

where  X,  f  and  b  are  objects  of  a  vector  field  class  ;ind  T  is  an  object  of  a  tensor  field  class.  These  objects  contain 
both  the  data  representing  the  field  and  a  piinter  to  a  dtila  structure  describing  the  mesh  topology.  Thus,  indexes  :ind 
Icxips  ;ire  hidden  in  the  class  definition. 

We  find  that  considerable  ctire  is  required  in  developing  the  basic  classes  to  avoid  inefficiencies.  For  example,  many 
unnece,s.s;uy  copy  opemtions  take  place  unless  reference  counting  techniques  :u'e  u.sed.  In  memory-critical  applica¬ 
tions,  unacceptably  hu'ge  lunounls  of  memory  may  be  alkxated  for  intennediate  results  of  expression  evtiluation 
unless  deferred  expression  evaluation  is  al.so  implemented.  Finally,  the  hage  number  of  memory  :Ulocation/de;illiKa- 
tion  operations  that  are  necessiuy  for  field  operations  can  be  very  expensive  on  certjiin  iuchiiectures  or  operating  sys¬ 
tems;  it  is  then  nece.s.sju'y  to  Uike  control  of  heap  mimagement,  using  the  C++  language  features  provided  for  that 
purpose. 


Reference  Couniina 

This  refers  to  the  technique  of  allowing  different  field  objects  to  m;ike  use  of  the  same  army  of  daui  (Coplien.  1992). 
A  count  of  the  number  of  fields  using  a  data  luray  is  miiintaincd.  If  a  field  operation  is  called  that  would  modify  the 
data,  a  pri  vale  copy  of  the  data  is  first  generated  for  the  ptinicular  field  in  question.  Assignment  operations  consist 
simply  of  giving  a  field  object  access  to  a  data  iirray;  no  copy  operation  uikes  place.  Once  the  number  of  fields  using 
a  given  data  turay  drops  to  zero,  the  data  luray  is  deleted  and  its  memory  returned  to  the  heap. 


Deferred  /ixpression  /Aaluaiion 

This  refers  to  the  technique  of  building  a  ptase  U'ee  for  an  expression  at  run  time,  rather  th;ui  immediately  evaluating 
each  sub-expre.ssion  (Ouinhin,  1991).  When  an  assignment  operation  is  reached,  the  parse  tree  is  evaluated  recur¬ 
sively.  This  allows  the  prognunmer  to  control  the  use  of  temprrnuy  scratch  memory  and  (in  principle)  to  :ipply  opti¬ 
mizations  to  the  pitfse  tree  without  relying  on  compiler  support.  In  practice,  deferred  expression  evaluation  reduces 
memory  usage  at  the  expense  of  computational  efficiency.  In  m;my  applications  memory  usage  is  critical,  but  for 
mo.st  others  deferred  expre.s.sion  evjiluation  is  not  worth  the  overhead  entailed.  Deferred  expression  eviiluation  is  not 
currently  u.sed  in  our  field  lihrtiry. 


Heap  Manajfcnienl 

This  is  possible  in  C++  because  operators  ttfe  provided  to  obuiin  or  free  hetip  memory.  Since  m:uiy  C++  implementa¬ 
tions  must  make  an  expensive  system  call  to  obtain  or  relea.se  heap  memory,  application-specific  memory  mjinage- 
ment  often  dnunaticttlly  improves  efficiency.  The  u,su:»l  appriKich  is  to  obuiin  heap  memory  from  the  .system  using  the 
suindtird  system  call,  but  without  ever  returning  the  memory  to  the  operating  system.  The  overloaded  memory  man¬ 
agement  operators  reuse  this  memory  for  subsequent  memory  requests,  circumventing  the  expensive  system  ctills. 
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The  value  of  these  techniques  is  illustrated  in  Table  1.  The  test  calculation  consists  of  the  repeated  evsduation  of  a 


Table  1:  CPU  time  (seconds)  for  matrix  test  case  (rank  1(X),  1(),(KM)  iterations) 


Language 

SUN 

CPU  time 

CRAY 

CPU  time  (MFlops) 

nCUBE 

CPU  lime 

(assembly  language 
libraries) 

FORTRAN 

IIO.I 

0.71  (140) 

18.S.8  (no) 

C 

108.4 

0.77(130) 

150.8  (no) 

C++  (default) 

2.4.3(41) 

458.9  (yes) 

C++  (rc) 

l.U.d 

1.06(94) 

82.8  (yes) 

C++  (rc  and  mm) 

1.^().4 

0.83(121) 

81.4  (yes) 

simple  matrix  expression  (involving  matrix  addition  tuid  multiplication)  fora  lOOxKK)  matrix.  The  expression  is 
evaluated  1()(KX)  times.  Note  that  ctxling  using  a  naive  C++  implementation  of  a  matrix  class  is  very  inefficient,  but 
that  when  reference  counting  (rc)  tmd  memory  management  (mm)  are  added  to  the  class,  the  CPU  time  is  within  20% 
of  that  of  FORTRAN  or  C  coding.  In  the  case  of  the  nCUBE.  calls  to  vendor  assembly  language  libraries  were  u.sed  in 
the  class  definition,  which  resulted  in  code  that  was  actually  more  efficient  thtm  FORTRAN. 


Table  2.  Performance  of  Field  Classes  (no  deferred  expression  evaluation) 


#  of  elements 

Sun  Sparc -2 
(MFlops) 

Cray  YMP.  1  CPU 
(MFlops) 

1 

0.15 

0.10 

10 

0.75 

1.03 

100 

1.22 

9.5 

1(X)0 

1.07 

58.8 

lOOOO 

0.88 

121.5 

KKXlOO 

insufficient  memory 

140.0 

50‘;(  pe;ik 

6  elements 

1380  elements 

We  have  benchmiaked  our  field  class  library  on  Sandia’s  CRAY-YMP  and  obtained  the  results  illustrated  in  Table  2. 
The  test  ctdculalion  consisted  of  the  polar  decomposition  of  a  tensor  field,  which  is  a  very  realistic  application.  The 
final  row  of  the  table  shows  the  number  of  elements  in  the  array  for  which  the  perfonnance  drops  to  half  of  its  peak 
value.  We  sec  that  high  efficiency  is  reached  for  very  hage  tirrays,  but  that  the  overhead  becomes  significiuit  on  the 
CRAY  for  moderate  raray  sizes.  In  the  case  of  the  Sun  workstation,  the  higher  cost  of  floating  operations  makes  the 
overhead  insignificant  even  for  rather  smtill  lurays.  We  are  working  to  further  reduce  the  overhead  in  these  class 
libraries 


LONG  ROD  PENETRATOR  CALCULATION 


One  problem  of  interest  to  the  hypervelocity  impact  community  is  long  rod  penetrators.  An  example  of  this  type  of 
problem  in  axisymmetric  geometry  is  shown  in  Figure  2.  (Note  that  all  units  :uv  CGS.)  RHALE  has  the  ability 
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through  its  MMALE  tilgorithm  to  /one  this  problem  with  Eulerian.  ALE  and  Lagrangian  sub-regions  as  shown  in 
Figure  2.  With  this  type  of  zoning,  the  structurtil  response  at  the  ends  of  the  plates  c;in  be  studied. 


Ht^por:  ^Lualnua  PonAirator  Into  PlluMilnuri  PLat«  (6000 

CREflTEO  Br  RhaU** 

MODIFIED  BY 

DRAWN  er  8L0T 
10/29/92  08:55:44 

MflQNIFlED  BY  1.000 


CLEMENT  BLOCKS  ACTIVE 

1  or  1 


'IS  -10  -so  5  10  15  20 

X- 


TIME  0.0000 


Fig.  2.  Initiiil  Suite  of  Long  Rod  Penetralor  Simulation 


The  problem  shown  in  Figure  2  was  initialized  with  itn  <'Uuminum  rod  moving  at  6  km/s  mio  an  aluminum  plate.  Both 
the  rod  and  the  plate  were  modelled  with  an  elastic-plastic  constitutive  model  and  a  Mie-Gruniesen  equalion-of-state. 
The  parameters  used  for  the  elastic -plastic  model  jire  given  in  Table  3. 
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Table  3:  Ehtslic-Plastic  and  Mie-Gruniesen  Parameters  for  Long  Rod  PenetratorC;ileulation 


Pitfameter 

Aluminum 

Young’s  Modulus  (dyne/cm“) 

73.0x10"’ 

Pois.sons  RjUio 

0.322.S 

Yield  Stress  (dyne/cm‘) 

2.9x10*^ 

Httrdening  Mtxlulus  (dyne/cm") 

l.OxlO'^ 

Iniliid  Density  (g/cm^) 

2.66 

Inititil  Temperature  (K) 

298.0 

Initial  Pressure  (dyne/cm‘) 

0.0 

Inititd  Sound  Speed  (cm/s) 

.3.328x10-“’ 

s 

1.338 

gammaO 

2.18 

Specific  Heat  (erg/g/K) 

1.034x10'^ 

Pressure  Cutoff  (dyne/cm“) 

-3.0x10'" 

Density  contours  and  mesh  plots  ju-e  shown  at  3.0. 6.2,  tmd  lOms  in  Figures  3. 4.  and  5.  respectively.  As  one  c:ut  see 
in  Figure  5,  the  rod  has  punched  through  the  plate  and  the  ALE  region  has  undergone  significiini  defonnation.  Figure 
6  shows  the  history  of  displacement  of  the  first  five  Lagrangitui  nodes  on  the  top  of  the  plate.  This  figure  shows  the 
vibrational  modes  the  plate  is  undergoing  far  from  the  impact. 
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AN  IMPACT  TECHNIQUE  TO  ACCELERATE 
ELIER  PLATES  TO  VELOCITIES  OVER  12  KM/S* 
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ABSTRACT 

Very  high  pressure  and  acceleration  is  necessary  to  launch  flier  plates  to  hypervelocities.  In  addition,  the  high  pres.sure 
loading  must  be  uniform,  structured,  and  ,shockles,s,  i.e.,  time-dependent  to  prevent  the  flier  plate  from  either  fracturing 
or  melting.  In  this  paper,  a  novel  technique  is  described  which  allows  the  use  of  100  GPa  megabar  loading  pressures 
and  10''*-g  acceleration  to  launch  intact  flier  plates  to  velocities  of  12.2  km/s.  The  technique  has  been  used  to  launch 
nominally  1-mm  thick  aluminum,  magnesium,  and  titanium  alloy  plates  to  velocities  over  10  km/s,  and  0.5-mm  thick 
aluminum  and  titanium  alloy  plates  to  velocities  of  12.2  km/s. 

INTRODUCTION 

The  history  of  early  launch  capabilities  and  the  developments  of  various  launcher  techniques  up  to  the  late  sixties, 
which  include  the  developments  of  explosive  lenses  (Taylor,  1984),  explosive  liners  (Wenzell,  1987),  smooth-bore 
guns  (Asay  er  ai.  1985,  Charters,  1987,  Chhabildas,  1992)  has  been  well  documented.  An  explosive  lens  (Taylor, 
1984)  is  routinely  capable  of  launching  flier  plates  up  to  6  km/s,  while  among  smooth-bore  guns,  a  two- stage  light-gas 
gun  propels  projectiles  the  fastest.  Current  two-stage  light-gas  gun  technology  (Asay  et  al.,  1985.  Charters,  1987. 
Chhabildas,  1992)  allows  routine  launching  of  10  gm  to  20  gm  projectile  ma.ss  to  a  velocity  of  -  8  km/s,  although  ve¬ 
locities  in  excess  of  10  km/s  have  been  reported  for  ten  milligram  size  particles  (Seigel.  1979,  Stilp,  1987). 


The  interest  in  increased  velocity  launch  capabilities  was  renewed  in  the  early  eighties.  Techniques  that  are  either  avail¬ 
able  or  are  in  progress  include  (i)  Van  de  Graaff  accelerators  (Keaton  et  al..  1990),  which  can  launch  sub-micron  size 
(10"'^  gm)  particles  to  over  100  km/s,  (ii)  plasma  accelerators  (Igenbergs  et  al..  1987).  which  can  launch  micron  size 
(1()‘^  gm)  glass  beads  to  velocities  of  18  km/s,  (iii)  electrical  discharge  techniques  such  as  the  electric  gun  (Osher  et 
al..  1987).  which  can  launch  4.^  mg  kapton  flier  plates  to  18  km/s,  (iv)  electromagnetic  techniques  such  as  the  rail-gun 
(Asay  eta!..  1990),  which  can  launch  a  few  grams  to  7.5  km/s,  (v)  explosive  techniques  (Marsh  and  Tan.  1992),  which 
can  launch  1-mm  thick  steel  plates  to  ~  9  km/.s,  (vi)  inhibited  shaped-charge  techniques  (Grosch  et  al..  1991 )  that  can 
launch  a  shaped  charge  jet  tip  of  0.4  gm  to  velocities  of  1 1  km/s,  and  (vii)  an  impact  technique  (Chhabildas  eru/.,  1991. 
1992a)  in  which  a  time-dependent  structured  high  pre.s.sure  pul.se  is  generated  (upon  impact)  to  launch  0.5-mm  to  1.0- 
mm  thick  flier  plates  to  velocities  up  to  12.2  km/s.  It  is  the  purpose  of  this  paper  to  describe  this  impact  technique  to 
launch/accelerate  flier  plates  to  hypervelocities. 


There  are  two  main  requirements  to  launch  flier  plates  to  hypervelocities.  First,  very  high  pressures  are  needed  to 
launch  the  flier  plate,  and  second,  this  loading  must  be  nearly  .v/torA/t’.v.v  and  unifomi  over  the  entire  surface.  To  achieve 
both  these  criteria,  a  graded-density  material  referred  to  as  a  “pillow"  (Barker,  1984)  or  a  “multi-ply"  (Chhabildas 
and  Barker,  1988,  Chhabildas  et  a!..  1988)  is  used  to  impact  the  flier  plate.  When  this  graded-density  material  is  used 
to  impact  a  flier  plate  at  high  velocities  on  a  two-stage  light-gas  gun,  nearly  shockless  100  GPa  pressure  pulses 
(Chhabildas  et  ai.  1990a,  Chhabildas  and  A.say,  1992)  are  introduced  into  the  flier  plate.  Since  the  loading  on  the  flier 
plate  is  shockless,  excessive  heating  is  minimized  to  prevent  melting  of  the  flier  plate  (Chhabildas  et  al..  1990a. 
Chhabildas  and  Asay,  1992).  The  method  has  been  used  (Chhabildas  et  al..  1991.  1992a)  to  launch  a  2-mm  thick  tita- 
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nium  alloy  plate  to  a  velocity  of  X.  I  km/s,  and  I  -mm  thick  aluminum,  magnesium,  and  titanium  alloy  plates  to  velocities 
in  excess  of  10  km/s,  and  O-S  mm  thick  titanium  and  aluminum  alloy  plates  intact  to  12.2  km/s.  With  further  improve¬ 
ments  to  this  technique  launch  velocities  approaching  14  km/s  are  expected  (Chhabildas  et  al..  1091,  1992a). 

TECHNICAL  ISSUES 

The  principle  of  gun  operation  is  primarily  based  on  using  the  energy  release  from  high  pressure  compressed  gases  to 
propel  projectiles  to  high  velocities  and  is  schematically  depicted  in  Figure  1 .  If  Ff  f)  is  the  time  dependent  driving  pres- 


Velocity 

V 


Projectile 
Mass  M 


Eig.  1.  Schematic  of  a  gun  launcher. 


sure  history  used  to  propel  a  projectile  of  mass  M  in  a  gun  barrel  (of  length  L)  having  a  cross  sectional  area  A.  then  it 
can  be  shown  that  the  projectile’s  terminal  velocity  I'' can  be  represented  by 


'  '  nJ'’''"" 


This  principle  of  gun  operation  is  being  used  in  the  operations  of  smooth-bore  gun  launchers  developed  for  controlled 
impact  studies.  Specifically,  in  a  single-stage  compres.sed-gas  gun  a  0.04-GPa  gas  pressure  is  u.sed  to  drive  a  projectile 
weighing  approximately  I  kg  to  a  terminal  velocity  of  -  1.1  km/s,  while  the  combustion  gaseous  products  from  nitro¬ 
cellulose  propellants  in  a  powder  gun  will  yield  a  pressure  of  0..^  GPa  and  propel  a  -  1  kg  projectile  mass  to  a  velocity 
of  over  2..')  km/s.  In  a  two-stage  light-gas  gun  the  hydrogen  propellant  is  dynamically  compressed  to  a  peak  pre.ssure 
of  -  0.7  GPa  to  1,0  GPa  to  launch  a  projectile  mass  of  10  gm  to  20  gm  to  a  velocity  approaching  8  km/s  ( Asay  et  al.. 
19S.5).  To  achieve  higher  velocities  the  mass  of  the  projectile  is  decreased,  while  the  average  driving  pressure  is  in¬ 
creased.  This  is  also  indicated  in  Figure  2  as  a  plot  of  projectile  velocity  vs.  peak  projectile  acceleration. 
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Fig.  2.  Driving  pressure  history  vs  time  and  the  relationship  of  velocity  vs  acceleration  of  projectiles 
for  smooth  bore  guns 


It  would  seem,  therefore.  ( see  Eq.  1 )  that  either  gas  loading  pre.ssures  be  sustained  for  a  longer  duration,  or  yet  higher 
driving  gas  pressure  and  higher  acceleration  be  used  to  accelerate  projectiles  to  hypervelocities.  The  former  has  been 
attempted  on  the  two-stage  light-gas  gun  by  using  collapsible  launch  tubes  (using  explosive  techniques)  to  achieve  lex- 
an  proiectile  velocities  in  excess  of  1 1  km/s  (Baum,  197.^).  However,  attempts  to  launch  flier  plates  to  high  velocities 
Using  higher  gas  pressures  of  -  100  GPa  (Barker  el  al.,  1990a.  1990b)  and  higher  acceleration  have  resulted  in  plate 
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fragmentation  (Chhabildas  et  al.,  IStyOa,  199()b).  Under  these  loading  conditions  the  flier  plate  is  subjected  to  (nonuni- 
form)  driving  pressures  which  are  orders  of  magnitude  above  its  elastic  limit,  resulting  in  severe  deformation.  Because 
the  flier  plate  has  limited  tensile  strength,  the  non-uniformity  in  gas  pressure  loading  over  the  entire  face  ot  the  flier 
plate  can  be  sufficiently  large  to  cause  flier  fragmentation  (Chhabildas  et  a!..  lystOa,  I99()bt.  Thus,  the  non  unifomiity 
in  gas  pressure  loading  over  the  entire  face  of  the  flier  plate  should  not  exceed  the  fracture  strength  of  the  plate. 


First,  very  high  pressures  are  needed  to  launch  the  flier  plate  to  hypervelocity,  and  second,  this  loading  must  be  nearly 
shockless,  structured,  and  uniform  over  the  entire  surface.  Shockless  acceleration  of  the  plate  is  crucial  to  prevent 
shock-induced  heating  and  subsequent  melting  of  the  flier  (Chhabildas  erw/.,  199()a,  Chhabildas  and  Asay,  1992J  dur¬ 
ing  the  loading  process.  A  .structured  relea.se  pressure  pul.se  is  needed  to  prevent  tensile  failure  of  the  flier  plate.  Uni¬ 
form  loading  over  its  entire  face  is  neces.sary  to  prevent  plate  fragmentation.  To  satisfy  these  criteria,  a  graded-density 
material  is  used  to  propel  the  flier  plate.  When  this  graded-density  material  is  used  to  impact  a  flier  plate  at  high  veloc¬ 
ities  with  a  tw'o-stage  light-gas  gun,  nearly  shockless  lOO-GPa  pressure  pulses  are  introduced  into  the  flier  plate.  This 
time-dependent  pressure  pul.se  subsequently  propels  the  flier  plates  to  hypervelocities.  The  resultant  acceleiation  of 
the.se  flier  plates,  launched  using  impact  techniques,  is  lo’-  cm/s’  ( 10*^  g). 

EXPERIMENTAL  TECHNIQUE 

This  section  briefly  describes  the  experimental  techniques  employed  to  augment  the  launch  capabilities  of  Sandia's 
two-stage  light-gas  gun.  The  experimental  impact  configuration  is  indicated  in  Figure  The  two-stage  light-gas  gun 
used  in  these  studies  had  a  bore  diameter  of  29  mm.  As  indicated  in  the  figure,  a  two-stage  light-gas  gun  projectile  faced 
with  a  graded-density  impacior  is  made  to  impact  a  thin  flier  plate  located  at  the  muzzle  end  of  the  barrel.  Implemen¬ 
tation  of  the.se  techniques  require  that  the  barrel  of  the  two-stage  light-gas  gun  be  extended  (Barker  err;/.,  I99(la.  1 990b) 
by  adding  an  expendable  section,  and  also  that  the  flier  plate  be  laterally  confined  to  minimize  two-dimensional  effects 
(Chhabildas  t’frr/.,  1991,  1992a). 


Fig.  3.  Schematic  of  a  graded-density  impactor/flier-plate  experiment 


Flier  Plate  Contiauration 

As  shown  in  Figure  .3.  the  flier  plate  used  in  these  experiments  consists  of  a  center  plate  made  to  fit  exactly  into  a  guard 
ring.  The  outside  diameter  of  the  guard  ring  used  in  these  studies  was  29  mm,  while  the  inner  diameter  of  the  guard 
ring  and  the  diameter  of  the  center  plate  was  19  mm.  The  ratio  of  the  center  flier  plate  thickness  ( 1-mm)  to  its  diameter 
( 19  mm)  is  approximately  0.05.  Two-dimensional  effects  due  to  radial  release  waves  (generated  upon  impact)  emanat¬ 
ing  from  the  edges  of  the  plate  would  cause  a  velocity  gradient  acro.ss  the  radius  of  the  plate.  Large  velocity  gradients 
across  the  radius  of  the  plate  would  cause  the  flier  plate  to  bend  and,  perhaps,  even  fragment.  The  guard  ring  geometry 
indicated  in  Figure  3  allows  a  controlled  separation  of  the  center  plate  from  its  edges  without  causing  the  entire  flier 
plate  to  fragment.  Confinement  in  a  tungsten  target  fixture  is  desirable  for  maximizing  the  diameter  of  intact  flier 
(Chhabildas  tvu/.,  1991 ).  It  may  not  be  essential  for  launching  the  central  region  of  the  flier,  however.  But.  this  central 
region  must  then  be  isolated  from  the  edge  interactions  with  guard-rings.  This  prevents  wave-propagation  induced  frac¬ 
tures  from  propagating  in  from  the  outer  radius,  and  allows  the  intact  core  of  the  flier  to  separate  in  a  controlled  fashion 
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as  the  flier  plate  bends  during  launch  and  flight.  Tungsten  makes  a  good  confinement  fixture,  but  calculations  have  in¬ 
dicated  that  a  material  such  as  steel  (Chhabildas  ei  al..  1 W1 )  could  provide  a  satisfactory  confinement. 


The  flier  plate  materials  used  in  this  study  consisted  of  titanium  (Ti-6A1-4V),  aluminum  (6()61-Tb)  or  magnesium 
( AZ3 1 )  alloys.  As  indicated  in  Figure  .3,  a  TPX  or  a  lexan  plastic  buffer  is  used  in  most  experiments.  (TPX  is  a  regis¬ 
tered  plastic^roduct  purchased  from  the  Polymer  Corporation,  Pamona,  California,  and  has  an  approximate  density  of 
().S2  gm/cm  c)  The  plastic  buffers  will  further  cushion  the  input  pressure  pulse  and  will  have  a  tendency  to  minimize 
the  tensile  strength  induced  in  the  flier  plate  (Chhabildas c/ «/..  IWl,  lW2a) 


Table  1.  Summary  of  Graded-Density  Impactor/Flier-Plate  Experiments 


Experiment 

No. 

Graded- 

Density 

Material 

Pi  How /Backing  or 
Multi-ply  Assembly 
Thicknesses 

Buffer/ 
Flier-  Plate 
Thickness 

Impact 

Velocity 

Flier-Plate 

Material/ 

Velocity 

(mm) 

(mm) 

(km/s) 

(kin/s) 

Ti4() 

Pillow 

2.206/2.00 

0.0/2.050 

6.3 

Ti6/X. 1 

WS6 

Pillow 

4.5X/1.00 

1.50/0.9X 

6.3 

Ti6/9.5 

JSC12 

.Multi-ply 

1 .00/0.6 1/0.47/0.4 1/0.,3()/0.92 

1.5.3//1.01 

6.0 

Mg/9.92 

JSCIX 

Multi-ply 

1 . 1 1/0.60/0.5.5/0.43/0.,30/().91 

1.51/0.99X 

6.3 

A1/9.X5 

EHVLI 

Multi-ply 

0.64/().3.3/0.2X/0.3 1/0. 19/0.52 

O.Xl/0.41 

7.2 

Al/11.6 

EHVL2 

Multi-ply 

0.61/0.30/0.24/0.32/0.20/0.44 

1.21/0.43 

7.35 

Ti6/11.9 

EHVL3 

Multi-ply 

0.62/0.30/0.2.3/0.33/0.19/0.44 

1.2.5/0.42 

7.35 

Al/12.2 

EHVL4 

Multi-ply 

0.6.5/0.2X/0.2.3/0..30/0. 1 5/0.43 

1.4X/0.74 

7..35 

Ti61/1 0.6- 10.4 

Projectile  Desiim 

A  lexan  projectile  w  hich  has  a  facing  of  a  graded-density  material  such  as  a  pillow  or  a  multi-ply  impactor  backed  by 
tantalum  is  used  in  these  studies.  A  'pillow'  impactor  is  fabricated  using  powder  metallurgical  techniques  (Barker, 
l'JX4)  such  that  a  smooth  variation  in  its  shock  impedance  occurs  through  its  thickness.  The  shock  impedance  of  the 
impact  surface  of  the  graded-density  material  is  that  of  polyolefin,  and  the  shock  impedance  of  the  back  surface  of  the 
pillow  resembles  copper  or  tantalum.  A  'multi-ply'  impactor  (Chhabildas  and  Barker,  19SX)  is  fabricated  by  bonding 
a  series  of  thin  plates  in  order  of  increasing  shock-impedance  from  the  impact  surface.  The  series  of  layered  materials 
used  in  these  studies  consisted  of  a  plastic  TPX.  magnesium,  aluminum,  titanium,  copper,  and  tantalum.  The  thickness 
of  each  layer  is  precisely  controlled  to  tailor  the  time-dependent  stress  pulse  required  to  launch  the  flier  plate  intact, 
and  is  indicated  for  each  experiment  in  Table  1.  When  these  graded-density  materials  are  used  to  impact  a  titanium 
alloy  flier  plate  at  a  velocity  of  ~  6.3  km/s.  an  initial  shock  of  approximately  50  GPa.  followed  by  a  ramp  w  ave  to  over 
100  GPa  is  introduced  into  the  flier  plate.  At  higher  impact  velocities  the  input  pressure  profile  would  result  in  a  higher 
peak  pressure  pulse  resulting  in  launching  flier  plates  to  yet  faster  velocities.  This  is  indicated  in  Table  1.  The  diameter 
of  the  graded  density  materials  (either  pillows  or  multi-ply  impactors)  used  in  this  study  was  ~  27  mm. 


Diagnostics 


Following  impact,  seven  flash  X-rays  are  taken  of  the  flier  plate  while  it  is  in  motion.  They  are  used  to  estimate  the 
velocity  of  the  flier  plate  and  also  to  check  its  integrity  following  impact  and  subsequent  acceleration  by  the  shockless 
pressure  pulse.  Four  of  these  flash  X-rays  are  taken  while  the  flier  plate  is  in  the  aluminum  barrel  extension,  usually  a 
few  microseconds  after  impact.  The  energy  of  the  first  four  X-rays  is  600  keV.  and  the  pulse  duration  is  3  ns.  The  pulse 
duration  is  sufficiently  small  to  "freeze”  the  motion  at  the  present  velocities.  The  other  3  X-rays  are  taken  after  the 
flier  plate  has  exited  from  the  muzzle  and  are  located  ~  XO  mm,  1 70  mm.  and  350  mm  from  the  impact  position.  Tliese 
X-rays  sources  have  a  300-450  keV  energy  and  a  25  ns  pulse  duration.  Due  to  the  hypervelocities  achieved  in  this  study, 
the  25  ns  pulse  duration  can  cause  a  2.50  pm  blurring  of  the  flier  plate  while  in  flight.  Radiographic  pictures  of  the  flier 
plat,;  taken  in  flight  over  these  large  distances  allow  an  accurate  measurement  of  its  velocity.  Tfie  flier  plate  velocity  is 
determined  to  within  I'/r. 
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RESl'MS 


In  all  the  experiments  pertormed  to  date,  the  jtraded-density  projectile  driver  is  allowed  to  impact  the  butter-tlier  plate 
combination.  The  impact  velocities  are  indicated  in  Table  I.  The  impact  velocities  are  not  measured  but  are  estimates 
based  on  the  two-starte  lieht-gas  gun  pertormaiice  data  and  are  accurate  to  ~  2‘T.  As  mentioned  above  plastic  butters 
were  used  in  most  experiments  in  an  attempt  to  turther  cushion  the  launch.  The  plastic  buffer  w  ill  also  reduce  the  mag¬ 
nitude  of  the  tensile  states  generated  in  the  tlicr  plate  material  that  result  from  wave  interactions  (Chhabildas  <7  <;/.. 
Idd  1 ,  ldd2i.  riianium  and  aluminum  alloy  flier  plates  were  used  in  this  study,  because  ot  their  high-tracture  resistance 
properties  (C'hhabildas  I’f.il..  IddOa.  Idyob).  At  an  impact  velocity  of  -  6.3  km/s.  this  technique  has  launched  intact  a 
I -mm  thick  Ti-6A1-4V  titanium  alloy  plate  to  d.5  km/s,  a  I -mm  thick  6()6I-T6  aluminum  alloy  plate  to  10.4  km/s,  and 
a  1-mm  thick  magnesium  alloy  plate  to  10  km/s.  Radiographs  of  .some  of  these  e,xperiments  are  show  n  in  Figures  4, 
and  .3.  As  the  impact  velocity  is  increased  to  ~  7.4  km/s,  flier  plate  velocities  of  0..3-mm  thick  aluminum  and  titanium 
plates  have  been  increased  to  over  1 2  km/s.  Radiographs  of  these  latter  experiments  are  summarized  in  Figure  6. 


Fig  4.  Radiographs  of  experiment  Ti40.  The  titanium  Ilier  plate  is  moving  from  left  to  right  at 
a  xelocity  of  X.  1  km/s. 


Radiographs  of  a  2.0.3-mm  thick  ri-6.\l-4V  flier  plate  moving  at  a  velocity  of  X.l  km/s  as  a  result  of  impact  by  a  grad¬ 
ed density  di  ner  at  ~  6.4  km/s  are  indicated  in  Figure  4.  A  copper  backing  was  used  in  this  experiment.  The  sequence 
of  radiographs  indicated  on  the  left  in  Figure  4  is  taken  over  the  first  6(1  mm  from  launch  impact  position.  The  radio¬ 
graphs  on  the  right  are  taken  titter  exit  from  the  aluminum  muzzle,  after  a  total  travel  distance  ot  S.'s  mm,  I.‘s2  mm  aiul 
vs7  Dim  from  imptict,  respectixely.  As  iinlictited  in  the  figure,  the  flier  plate  is  extremely  flat  even  atter  a  propagation 
distance  of  3.37  mm.  I'his  is  belies ed  to  Ise  due  to  opiimtil  experimental  impact  conditions,  such  as  li)  extremeh  good 
imp.ict  w  ilh  xery  little  impact  misalignment  itilt).  lii)  a  good  (unitorml  pilloxx .  and  (iii )  the  thicker  flier  plate  dimension 
111  this  experiment  Phis  is  ex  idenced  by  the  symmetry  of  the  prou'clile/pilloxx  debris  trailing  the  flier  plate  at  a  xelocilx 
ol  -  3  3  km/s  Hie  mass  of  the  center  pl.ite  (flier  plaiel  is  2.6  gm.  A  similar  experiment  with  a  1-mm  thick  til.inuim 
llier  [il.itc  lexpenmem  \VS6  m  Table  1  i  yields  a  velocity  of  d.3  km/s. 


R.idiogi.iiihs  of  experiment  .ISCI 2  are  indicated  in  Figure  3.  In  this  experiment  a  nominally  I  .fl-mm  thick  magnesium 
llici  pl.iie  w.is  impacted  by  the  nuilii-ply  imp.ictor  at  .i  xelocity  ol  approximately  6  km/s.  .A  1 .3  mm  thick  I  I’X  pl.istic 
Inillei  xx.is  ,ilso  used  in  the  experimeiil.  The  first  ixxo  radiographs  shoxxn  on  the  left  in  F-'igure  3  are  taken  oxer  a  flight 
.ltst,uu.e  ot  till  nun  while  the  fli"v  plate  is  in  the  extended  aluniinum  muzzle,  atid  the  radiograph  mdic.ited  on  the  right 
IS  l.ikeii  ,it  .1  tlight  dist.iiKC  ot  -  16(1  mm  Irom  imp.ict  location.  The  mass  ot  the  center  plate  without  the  gii.iril  ring  i' 
I ’  3  .'III  ,iiid  the  in.igiu'siiim  tliei  plate  is  mox  ing  at  ,i  xelocity  ot  d.d2  km/s  in  this  experimetit. 
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l•ii;urc  (i  also  indicates  the  radiejtraphs  ol  an  altiniinum  flier  plate  launched  at  12.2  kin/s.  In  this  experiment  the  multi¬ 
ply  impactor  impacts  the  stalioiiaiy  aluminum  flier  plate  at  a  velocity  of  7.35  km/s  A  1 .25-mm  thick  plastic  hiiller  \\  as 
used  in  this  e.xperiment.  The  sei|uence  of  radioitraphs  shown  'n  the  left  are  taken  over  a  transit  distance  of  60  mm.  The 
flier  plate  appears  to  be  intact  as  it  is  exiting  the  muz/le.  r.  after  a  flight  distance  of  3.5(t  mm.  the  flier  plate 

appears  to  have  lost  its  shape  anc.  .appears  to  have  transformed  iiiio  a  '  slui;  "  of  material.  This  is  attributed  to  the  melt¬ 
ing  of  the  flier  plate.  .‘\t  a  higher  impact  velocity  i  at  7.35  km/s,  the  magnitude  of  the  first  shock  transmitted  into  the 
aluminum  flier  plate  is  sufficiently  high  to  cause  it  to  melt  upon  release. 
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.•\s  mentioned  in  Hquation  1.  the  xelocity  I  of  the  flier  plate  can  be  represented  by  I  =  -- IT"  ( f)  dr.  i'he  time-depen¬ 
dent,  high-pressure,  shockless  loading  pressure  pulse  Pin  that  is  needed  to  launch  the  flier  plate  to  high  velocities  is 
provided  upon  impact  and  is  represented  by  the  term  jp  I  i)(/i.  This  is  indicated  in  Figure  7  for  the  e.xperiment  EHVL 
2  shown  in  Figure  b.  An  impact  velocity  of  7  knvs  xvas  assumed  in  the  calculation,  instead  of  the  experimental  impact 
velocity  of  7,35  km/s.  Numerical  simulations  of  the  graded-density  impact  experiments  were  performed  using  a  version 
of  the  Lagrangian  code,  WONDY  which  uses  a  tabular  equation-of-siate  (FOS)  option  (Kerley,  IdKKt.  The  calculation- 
al  model  treats  the  pillow  as  a  series  of  zones  having  impedances  tiiai  increase  from  that  of  a  polymer  approximating 
polyolefin  at  the  impact  surface,  to  that  of  the  copper  or  tantalum  backing  plate.  The  zone  thicknesses  are  chosen  so 


Fig,  7.  Calculated  stress  history  on  the  base  of  the  FHVL2  Hier-plate  e.xperiment  shown  in  Figure  b  is 
indicated  on  the  left.  Predicted  velocity  history  for  the  llier  plate  is  shown  on  the  right. 


that  the  impact  generates  a  sec|uencc  of  multiple  shocks  in  the  target;  both  experiments  and  calculations  have  shown 
that  a  calculational  model  of  this  type  gives  a  loading  history  that  closely  approximates  the  smooth  cjuais-isentropic 
loading  of  a  pillow  (Chhabildas  and  Barker,  1‘IXS,  Chhabildas  <■/<;/.,  1 WX).  When  a  multi-ply  material  is  used  as  a  grad¬ 
ed-density  impactor  then  the  zi.nes  represent  the  exact  thickne.ss  of  the  materials  used.  The  titanium  alloy  experiment 
shown  in  Figure  b  for  FMVL2  had  a  1,21  mm  plastic  buffer  and  an  impactor  hacked  with  tantalum.  As  indicated  in 
Figure  7.  the  calculated  driving  stress  history  is  a  5(1  (  '‘i  shock  followed  by  a  relatively  shocl’.less  loading  from  ap¬ 
proximately  53  GPa  to  12(1  GPa  over  a  time  duration  of  ~  0.2  ps.  The  entire  loading  oressure  pulse  is  applied  over  a 
duration  of  ~  0,5  ps,  Tlte  calculated  velocity  history  resulting  from  this  tiriving  pressure  pulse  is  also  shown  in  Figure  7. 
The  calculations  predict  a  lertninal  velocity  of  approximately  1 1 . 1  km/s  for  the  flier-plate  w  hen  impacted  by  the  grad- 
ed-detisiiy  impactor  at  7  km/s.  A  calculation  using  7.4  km/s  as  impact  velocity  would  have  predicted  a  flier-plate  ve¬ 
locity  of  1 1 .7  kr.i/s.  In  the  experiment,  impact  by  the  graded  density  impactor  was  at  a  velocity  of  ~  7.4  km/s,  launching 
the  titanium  flier  plate  at  1 1.'/  km/s,  in  excellent  agreement  with  predicted  values,  (’alculations  also  indicate  that  due 
to  the  time-dependent  loading,  the  residual  temperature  of  the  titanium  flier  plate  after  it  is  compressed  to  1.2  M  ai  anti 
launched  at  I  I km/s  is  expected  to  be  ~  XOO  K  When  compared  to  its  melt  temperature  of  ~  2(l(l(l  K,  the  flier  plate  is 
relatively  "cool  "  and  well  below  its  melt  .emperature. 


rite  aluminum  flier  plate  experiment  identified  as  FHVT3,  and  indicated  in  Figure  b  is  launched  at  1 2  2  km/s.  The  flier 
plate  appears  to  have  lost  its  shape  due  to  a  loss  in  shear  strength  The  experiment  suggests  that  the  thermal  state  of  the 


.iluniiiiulu  plate  is  very  near  its  melt  boundary  and  this  is  eoiK'irmed  by  ealeulations.  A  WONDY  ealeulation  as  men¬ 
tioned  abo\e  iiulieates  that  the  drivinj;  stress  history  is  a  shoek  m  eseess  of  5(1  GPa  follovsed  by  a  relatively  shoekless 
loading  from  approximately  5(1  GPa  to  120  GPa.  The  magnitude  of  the  first  shoek  (over  50  GPa)  transmitted  into  the 
aluminum  tlier  plate  at  an  impaet  veloeity  of  7.4  km/s  is  suflieiently  high  to  eause  it  to  melt  upon  release,  f  lier  plate 
materials  that  ha\e  higher  melting  points  than  aluminum,  sueh  as  titanium,  steel,  tantalum,  or  molybdenum  are  not  e\- 
peeted  to  exhibit  this  behavior.  Thus,  impaet  veloeities  less  than  7.4  km/s  are  expeeted  to  launeh  aluminum  plates  iniaet 
,  without  melting  if  the  eurrent  design  for  the  graded-density  impaetor  is  used.  An  alternate  teehnique  is  to  a 
lower-iieiisity  material  sueh  as  plastie  foams,  either  as  a  buffer  or  as  the  first  layer  of  the  graded-densiis  impaetor.  so 
that  the  magnitude  of  the  first  shoek  generated  upon  impaet  in  aluminum  is  eonsiderably  less  than  5()  (iPa. 


\  ery  high  time-dependent  and  struelured  pressure  pulses  are  used  to  launeh  intact  tlier  plates  in  this  study.  I  he  loading 
pressure  is  applied  over  a  duration  of  0.5  |js  to  1  ps  to  launeh  tlier  plates  to  veloeities  up  to  12.2  km/s.  The  aeeeleration 
of  the  tlier  plates  launched  to  hypers eloeities  is  on  the  order  of  10  "  em/s'.  ( lo'^g)  and  is  at  least  three  to  tour  orders  of 
magnitude  higher  than  that  used  on  eurrent  tsso-siage  light-gas  guns.  This  is  indicated  in  Figure  S.  where  the  accelera¬ 
tion  of  the  eurrent  hyperveloeity  launcher  (MVL)  is  compared  to  those  from  other  smooth  bore  guns.  Tnlike  twivstage 
light-gas  guns  in  which  the  projectile  is  aecelerated  over  200  times  its  bore  diameter  (calil.er)  dimensions  (Ghariers. 
1 0S7  ( the  flier  plate  is  accelerated  in  this  study  over  distances  of  tens  of  millimeters. 


Time  (psec) 


Fig.  X.  The  stress  history  on  the  base  of  the  EHVL2  titanium  flier-plate  shown  in  Figure  b  propels  the 
flier  plate  at  an  acceleration  of  over  io'^g. 

The  mass  of  the  plate  can  be  represented  by  M  =  pv.4.  where  p  is  the  density  of  the  plate,  v  its  thickness  and  A  its  cross 
sectional  area.  Equation  1 1 )  can  therefore  fx’  expressed  as 

I 

T  =  -  (2) 

PV. 

Equation  2  suggests  that  the  velocity  of  the  tlier  plate  is  independent  of  its  cross  sectional  area  and  depends  only  on  its 
thickness  and  the  time-dependent  driving  pressure  pulse.  This  would  be  (rue  if  two-dimensional  effects  were  not 
present  in  these  experiments.  Tlie  maximum  mass  that  could  be  launched  in  the  absence  of  any  two-dimensional  effects 
would  Ih-  the  diameter  over  which  the  graded-density  driver  impacts  the  tlier  plate.  Tliis  impact  interaction  occurs  over 
a  27-mm  diameter  in  this  study.  Two-dimensional  effects  due  to  radial  release  waves  (generated  upon  impact)  emanat¬ 
ing  from  the  edges  of  the  plate  would  cause  a  velocity  gradient  across  the  radius  of  the  plate,  thus  limiting  the  one  di¬ 
mensionality  of  the  experiment.  In  this  study,  a  guard-ring  geometry  indicated  in  Figure  .1  allow  s  the  launching  of  a 
1')  mm  diameter  center  plate.  It  is  therefore  useful  to  express  the  veloeity  of  the  tlier  plate  as  a  function  of  its  mass 
density  (px)  and  this  is  plotted  in  Figure  9  for  the  series  of  experiments  performed  in  this  study.  .\s  indicated  in  the 
figure  the  terminal  veloeity  of  the  (Tier  plate  is  dependent  on  the  impaet  veloeity  of  Ihe  graded-density  dri\  er.  .Also,  as 
shown  in  Figure  9.  the  presence  of  plastic  buffers  further  augment  the  terminal  velocity  of  Ihe  tlier  plates. 


To  increase  Ihe  velocity  ol  the  flier  plate  one  needs  to  decrease  the  thickness  of  the  plate  or  increase  the  time  dependent 
pressure  loading  pulse.  In  this  investigation  (sec  experiments  EMVL  in  Table  1 )  we  decreased  the  llier-plaie  thickness 


llici  pl.iiCN  lo  \c!»K«iiCN  »»\cr  12  kin  ^ 


mass  density  gm/cm^ 

Fig.  9.  Hypen'elocity  performance  of  the  graded-den.sity  impactor/flier  plate  experiment  plotted  as  plate 
velocity  vs  mass  density  of  the  plate. 

by  a  factor  of  two  and  increa.sed  the  graded -density  driver  velocity.  The.se  results  are  indicated  as  dashed  lines  in 
Figurej  9.  Since  we  also  decreased  the  graded-density  impactor  thickness  also  by  a  factor  of  two  (see  Table  1 )  the  quan¬ 
tity  -Jf  (r)  (It  remains  an  invariant.  This  suggests  that  if  the  pillow  dimension  is  increased  by  a  factor  of  two.  then 
there  should  be  no  velocity  penalty  in  increa.sing  the  flier  plate  dimension  by  a  factor  of  two  i.e..  one  should  be  able  to 
launch  twice  as  heavy  a  mass  to  the  same  velocity  provided  the  graded-density  impact  velocity  is  kept  the  same. 


Results  of  the  pre.sent  studies  are  also  shown  in  Figure  HI  plotted  as  the  maximum  mass  that  can  be  launched  on  a  29- 
mm  bore  gun  in  the  ab.sence  of  any  two-dimensional  effects  vs  the  mass  that  is  currently  launched  as  a  1 9-mm  diameter 
plate.  At  higher  loading  pre.ssures,  however,  since  the  sample  thickness  is  approximately  one-half  of  the  ones  launched 
the  two-dimensional  loading  times  are  reduced  by  a  factor  of  ~  one-half,  resulting  in  minimal  two-dimensional  effects. 
Also,  because  the  thermal  state  of  aluminum  is  clo.se  to  its  melt  boundary  the  guard  ring  does  not  separate  distinctly 
from  its  center  flier  plate  as  effectively  as  it  does  at  lower  impact  pre.ssures.  This  is  particularly  true  for  aluminum  flier 


Fig.  10.  Performance  of  the  graded-density  impactor/flier-plate  experiments  plotted  as  mass  \-.v  veloc¬ 
ity  of  the  flier-plate.  A.  B,  C  indicate  the  ideal  ma.ss  possible  that  can  be  launched  on  the  cur¬ 
rent  29-mm  bore  gun  while  a.  b,  c  indicate  the  ma.ss  that  is  launched  as  a  19  mm  plate. 


plates.  This  allows  launching  of  heavier  i.e..  larger  diameter  flier  plates.  Nevertheless,  as  indicated  in  Figure  10,  first, 
a  mass  of  approximately  0..‘>  gm  can  be  launched  to  velocities  of  12.2  km/s,  and  second,  if  techniques  were  introduced 
to  mitigate  two-dimensional  effects  then  the  potential  of  launching  heavier  i.e.,  massive  flier  plates  exist  for  the  same 
bore  diameter. 


I  <  ■  (  im  \Mii  i)\s  i  I  ,// 


As  inciicateci  in  this  study  a  jtraded-density  impactor  material  has  been  used  as  a  driver  to  launeh  nominally  I  -mm  thick 
aluminum,  titanium  and  magnesium  alloy  plates  intact  to  velocities  over  10  km/s,  and  0.,‘i-mm  thick  titanium  and  alu¬ 
minum  alloy  plates  (see  l-'igures  4  to  6)  to  velocities  over  12  km/s.  The  flier  plate  integrity  may  be  summarized  as  fol¬ 
lows.  For  propagation  distances  of  approximately  tens  of  millimeters,  the  plate  seems  to  be  flat  w  bile  in  the  aluminum 
muzzle.  For  propagation  distances  of  hundreds  of  millimeters,  the  flier  plate  appears  to  be  bowed,  which  can  be  attrib¬ 
uted  to  tw  o-dimensional  effects.  The  flier  plate  materials  undergo  a  volume  strain  ot  0.,1  to  (1.4  during  high  pressure 
(megabar)  compression  and  are  not  expected  to  return  to  their  original  shape.  Fffecis  due  to  tilt,  gas  blow  by.  and  non¬ 
uniformity  in  graded-density  driver  materials  are  expected  to  enhance  non-uniform  loading  and  two-dimensional  ef¬ 
fects,  and  would  rc.sult  in  flier-plate  fragmentation. 


Plastic  buffers  are  used  to  reduce  the  magnitude  of  tensile  stress  states  induced  in  the  material.  They  also  have  the  net 
effect  of  augmenting  the  flier  plate  velocities  as  indicated  in  Figures  ri  and  Id.  It  is  crucial  that  the  graded-density  driver 
dimensions  and  also  those  of  the  buffered  flier  plate  be  optimized  to  prevent  spall  fracture  of  the  plate,  lliis  is  show  n 
in  Figure  1 1  for  experiment  EIIVL4  in  which  a  ().74-mm  titanium  flier  plate  is  impacted  *'y  the  graded-density  driver 
at  7..1.S  km/s.  Calculations  have  suggested  a  tensile  state  of  approximately  4.S  CiPa  in  the  flier  plate,  and  as  indicated  in 
the  figure,  was  sufficient  to  fracture  the  plate. 


Fig.  1 1 .  Radiographs  of  experiment  FI  IVL4  in  w  hich  a  spalled  titanium  Hier  plate  is  moving  from  left 
to  right.  The  leading  spall  plate  is  propelled  at  Id.b  km/s  while  the  second  plate  is  coasting  at 
1(1.4  km/s,  rite  flier  plate  radiographs  are  taken  over  a  flight  distance  of  .Ibd  mm. 


FNIIANCHD  CAPABILITIFl.S 


Materials 

Because  of  the  softer  loading  history  produced  with  a  buffer  layer,  a  computational  study  w  as  made  to  see  if  the  same 
system  could  be  used  to  launch  flier  plates  made  of  other  materials.  WONDY  calculations  were  made  for  the  same  con- 
figunilion  as  reported  in  this  paper  except  with  1  -gm  target  plates  of  tantalum,  molybdetium.  iron,  and  a  tungsten  alloy. 
In  till  four  cases,  a  terminal  velocity  of  over  10  km/s  was  predicteil  ((’hhabildaset  al..  1041,  1002a)  vs  ithout  either  melt¬ 
ing  or  frticture.  Experiments  have  not  been  conducterl  to  date. 


Velocity 


Studies  in  the  present  program  htive  also  focussed  on  exploring  methods  to  achieve  even  higher  plate  velocities.  Some 
of  the  possible  velocity  enhancement  methods  are  discussed  in  this  section.  Studies  using  the  WONDY  code  show  that 
increased  flier  velocities  could  be  obtained  using  buffer  layers  of  plastic,  explosive,  or  hydrogen  on  the  impact  surface, 
('idculations  have  indicated,  that  as  a  result  of  high-pressure  cmiipression  tind  decompression  these  materials  Ix’haxe 
"energetically”  in  that  the  exptinsion  velocities  of  these  materitils  are  extremely  high,  I  his  results  in  tin  efiicient 
"push"  on  (he  flier  and  can  further  enhance  i(s  velocity.  Fins  concept  has  been  tested  through  the  successful  hiunch  ol 
the  aluminum  .Mid  titanium  flier  phites  using  plastic  buffers  (see  Figures  0  and  1(1).  .Additional  calculalional  stiufies 


wea*  iii;uk‘  u>  see  il  liyiivogeii,  wilii  its  high  soimt)  speed,  eoiild  K-  used  to  tunher  culiaiiee  tlier  \  eloeities  By  repltieiug 
the  plastic  hiitlei  witli  a  lO  iiiiii  layer  ol  liquid  hydrogen,  the  velocity  ot  the  aluniiuuni  flier  was  predicted  to  increase 
from  1(1.4  kill's  to  I  1  ..■!  km/s  (( 'hhabildas  <v  I  d'fl .  l'W2a).  II  the  impact  veil 'city  is  further  increased  to  X  km/s.  then 
the  calculation  predicts  a  final  velocity  of  14.(1  km/s  tor  this  design  (('hhabildas  ci  u!..  Iddl .  I  qq2a  l.  1  lence  hydrogen 
buffers  in  combination  with  higher  impact  v  elocities  appear  to  offer  a  way  to  achiev  e  the  extremely  high  tiler  \  elocities. 


Applications 

The  capability  to  launch  llier-plates  to  liyperv elocities  will  allow  well-controlled  equation  of  state  studies  to  be  con¬ 
ducted  in  materials  to  high  pressure  and  temperature  regimes  that  have  never  before  accessible  in  the  laboratory  before. 
As  an  example  a  symmetric  impact  experiment  in  high-impedance  materials  such  as  tungsten  at  12.2  km/s  will  allow 
Hugoniot  slates  to  be  determined  at  stresses  of  1.4  I'Ba  ( |4  Mbari  and  temperatures  of  7  eV.  Iseniropic  expansion  of 
these  materials  from  a  high  pressure  molten  state  is  expected  to  partially  vaporize  the  material.  Techniques  employed 
on  two-sttige  light-gas  guns  (.Asay  ct  riL.  I'WD)  can  be  useii  to  determine  the  kinetics  ol  shock-induced  vaporization  in 
materials  such  as  lead  to  higher  degrees  of  vapori/alion.  These  techniques  can  now  be  extended  to  include  materials 
such  as  aluminum  which  has  a  low  vapor  pressure  i.c..  a  high  boiling  point.  With  the  increasing  threat  to  space  voyagers 
from  man-made  orbital  debris  the  technique  can  Ire  used  to  hurl  plates  at  either  a  single  shield  (,Ang  cl  a!..  1992. 
(’hhabildas  c!  ill..  1992b)  or  multiple  shields  (Bosloiigh  cl  nL.  1992)  to  help  design  and  understand  the  operations  of 
the  proposed  protection  shields. 


Sl'MMARY 

A  systematic  study  has  been  described  in  which  an  impact  technique  is  used  to  launch  gram-size  plates  to  hyperveloc¬ 
ities.  The  high  pressures  that  are  needed  to  launch  tlier  plates  intact  have  been  achieved  by  using  graded-density  im- 
pactor  mtiterials  to  impact  stationary  tlier  plates,  over  the  velocity  of  range  of  ~  6. .4  km/s  to  7.4  km/s  on  the  two-stage 
light-gas  gun.  Upon  impact,  a  shockless  /.<■..  a  time-dependent  high  pressure  ( 100  GPa)  pulse  is  produced  at  the  flier- 
plate/impacl  interface.  This  allows  shockless  acceleration  of  the  tlier  plates  tir  hypervelociiies  w  ithout  causing  exces¬ 
sive  healing  leading  to  melt  or  vaporization.  The  pressure  pulse  must  be  tailored,  however,  to  prevent  spall  fracture  of 
the  plate.  The  successful  use  of  this  technique  has  been  demonstrated  by  launching  intact  1  -mm  thick  aluminum,  mag¬ 
nesium,  and  titanium  plates  to  velocities  over  10  km/s.  and  O  .'i  mm  thick  aluminum  and  titanium  alloy  plates  to  veloc¬ 
ities  over  1 2  km/s.  Although  the  technique  has  been  used  currently  to  launch  Ti-bAI-4V  alloy  and  6(I61-Tb  aluminum 
alloy  plates,  calculations  suggest  that  this  technique  can  be  extended  to  include  other  (high-density)  materials. 


The  flier  plate  velocities  can  be  further  enhanced  either  by  using  explosives,  plastics,  or  hydrogen  as  a  first  layer  of 
the  graded-density  impactor  or  on  the  flier  plate  itself.  Calculations  have  indicated  that  as  a  result  of  high-pressure  com¬ 
pression  and  decompression  these  materials  behave  '■energetically.  "  in  that  the  expansion  velocities  of  these  materials 
are  extremely  high.  This  results  in  an  efficient  "push"  on  the  flier  plate  and  can  further  enhance  the  tlier  plate  velocity. 
This  concept  has  been  verified  by  successfully  launching  a  plastic  buffered  aluminum  and  titanium  plates  and  is  indi¬ 
cated  in  figures  9  and  !('.  I'he  buffer  has  the  added  advantage  in  that  it  can  mitigate  spall  fracture  from  occurring  in  the 
flier  plate.  Calculations  also  suggest  that  hydrogen  buffers  in  combination  with  higher  impact  velocities  appear  to  offer 
a  way  to  achieve  the  extremely  high  tlier  velocities  in  excess  of  14  km/s. 
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L.  C.  CHHABILDAS‘,  E.  S.  HERTEL',  AND  S.  A.  HILL" 

1 :  Sandia  National  Laboratories.  Albuquerque.  New  Mexico 
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ABSTRACT 

A  series  of  experiments  has  been  performed  to  evaluate  the  effectiveness  of  a  Whipple  bumper  shield  to  orbital  space 
debris  at  impact  velocities  of  ~l()  km/s.  Upon  impact  by  a  If)  mm  (().X7  mm  thick.  L/D  -O.ii)  flier  plate,  the  thin  alu¬ 
minum  bumper  shield  disintegrates  into  a  debris  cloud.  The  debris  cloud  front  propagates  axially  at  velocities  of 
~I4  km/s  and  expands  radially  at  a  velocity  of  ~7  km/s.  Subsequent  loading  by  the  debris  on  a  .4.2  mm  thick  aluminum 
substructure  placed  I  14  mm  from  the  bumper  penetrates  the  substructure  completely.  However,  w  hen  the  diameter  of 
the  flier  plate  is  reduced  to  1 2.7  mm.  the  substructure,  although  damaged,  is  not  perforated.  Numerical  simulations  per¬ 
formed  using  the  multi-dimensional  hydrodynamics  code  CTH  also  predict  complete  perforation  of  the  substructure  by 
the  subsequent  debris  cloud  for  the  larger  flier  plate.  The  numerical  simulation  for  a  12.7  mm  flier  plate,  however, 
shows  a  strong  dependence  on  assumed  impact  geometry,  i.  e..  a  spherical  projectile  impact  geometry'  does  not  result 
in  perforation  of  the  substructure  by  the  debris  cloud,  while  the  flat  plate  impact  geometry  results  in  perforation. 

INTRODLTTION 

It  is  well  known  that  the  principal  threat  to  orbiting  space  structures  lesults  from  impact  damage  caused  by  orbiting 
space  debris  (Kessler.  148.4.  Kessler.  1489).  Presently,  conventional  laboratory  facilities  are  not  generally  available  for 
evaluating  damage  mechanisms  or  the  effectiveness  of  protective  structures  against  this  debris.  Although  analytic 
methods  (Tour-Palais.  1464,  Wilkinson.  1464)  for  predicting  impact  damage  and  hydrodynamics  code  simulations 
(Hertel  ct  al..  1442)  of  impact  events  have  progressed  to  the  point  of  providing  damage  assessments,  these  analyses  or 
models  have  not  been  validated  over  the  velocity  range  of  7  to  Id  km/s.  primarily  due  to  lack  of  experimental  capabil¬ 
ities  to  launch  gram-size  plates  or  particles  over  that  velocity  range. 

A  requirement  for  an  effective  shielding  system  is  that  it  must  protect  the  spacecraft  from  impacts  both  from  the  mi- 
crometeoroid  and  orbital  debris  environment.  The  micrometeoroid  environment  is  thought  to  result  from  dust-size  par¬ 
ticles  having  an  average  velocity  of  1 8  km/s,  while  the  most  probable  threat  from  the  orbital  debris  environment  is 
believed  to  be  millimeter  or  centimeter  size  particles  weighing  approximately  a  gram  w  ith  average  velocities  of 
-Id  km/s.  It  is  generally  assumed  that  orbital  debris  is  metallic  (Kessler,  I48.S.  Kessler.  1484)  with  a  density  of 
-2.8  g/cm '.  and  therefore  can  be  represented  by  the  material  properties  of  aluminum.  The  orbital  debris,  w  hich  is  man-- 
made.  is  hazardous  because  of  the  abundance  and  relatively  large  mass  of  the  debris  particles.  This  makes  the  design 
requirements  for  an  adequate  bumper  shield  difficult  to  establish.  In  addition,  the  requirements  for  an  adequate  bumper 
shield  design  are  demanding  due  to:  (i)  the  uncertainty  in  the  size,  shape  and  density  of  the  orbital  debris  particulates: 
(iil  the  inability  of  hydrodynamics  codes  to  accurately  represent  impact  phenomena  due  to  uncertainties  in  material 
properties  as  well  as  computational  difficulties  associated  with  the  propagation  of  fragmented  (molten  and  partially  \  a- 
pnrized)  debris;  (iii)  the  lack  of  an  impact  test  capability  w  ith  launcher  mass-velocity  capabilities  of  approximalelv  a 
gram  and  in  excess  of  8  km/s  to  test  design  concepts. 

With  the  development  of  a  hypervelocity  launch  capability  (Thhabildas  ef  (//..  1 441 ,  Thhabildas  cl  al..  1442.  Thhabil- 
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lias  I’l  (//.,  al  Saiulia.  it  is  now  possihle  to  perlorm  cxpi-i intents  over  the  \  i-locity  range  ot  7  to  12  km/s.  a  range 

not  aeeessihle  previously  lor  intpaets  of  grant-si/e  plates.  'I  his  meets  the  ret|uisite  mass-veloeitv  criteria  establisheil  lor 
the  orhital  ilehris  environment.  In  this  paper,  impact  experiments  have  been  perlbrmeil  lor  a  single  Whipple  bumper 
shielil  coutiguration.  .Simulations  ol  these  experiments  using  the  multi  ilimensional  linite-volume  coile  ( ’  l  l  I  are  also 
ilescribeil  in  this  paper.  The  mass  ol  the  aluminum  Ilier  plate  which  is  supposed  to  represent  the  orbital  debris  particle 
has  been  varied  trom  (I..M  S  g  to  (l.b.S2  g  b\  varying  the  diameter  ol  the  plate  Irom  1 2.7  to  I ')  mm. 

Results  ol  these  experiments  indicate  that  the  thin  aluminum  bumper  at  the  impact  location  complelels  disintegrates 
into  a  debris  cloud  upon  impact  at  -  Hi  km/s  bv  the  aluminum  flier  plate.  The  debris  cloud  front  propagates  at  \  e  loci  ties 
in  excess  of  14  km/s  and  expands  radially  at  a  velocity  of -7  km/s.  .Subseejuent  loading  on  the  rear  I'anel  by  the  debris 
cloud  generated  by  the  Ii.b52  g  jiarticle  ( Id  mm  plate)  penetrates  the  substructure  completelv  However,  when  the  mass 
of  the  flier  plate  is  reduced  to  (),.H  fi  g  (  1 2.7  mm  plate)  the  subsiiucture.  although  "damaged."  is  not  punctured  over  the 
duration  of  the  experiment,  ("fl  I  simulations  of  these  experiments  predict  the  results  of  the  experiments  qualitatively 
in  that  penetration  or  no  penetration  ol  the  substructure  is  replicated.  However,  the  propagation  characteristics  of  the 
debris  cloud  are  not  replicated  i|uantitatively. 

In  the  next  section  the  experimental  technique  used  to  launch  hypeivelocily  plates  is  brieflv  described.  The  experimen¬ 
tal  set  up  used  to  simulate  the  orbittil  debris  impact  condition  is  also  described  in  detail  in  a  subsequent  section  followed 
by  a  discussion  and  a  summary  of  the  results.  CTH  simulations  of  the  experiments  are  also  described  in  latei  sections. 
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The  principle  of  operation  of  Sandia's  new  ly  developed  hypeixelocity  launcher  is  brieHy  described  here.  It  is  baseil  on 
the  prittciple  that  structured,  time-dependent  (shockless),  megabar  driv  ing  pressures  are  needed  to  launch  a  plate  w  ith¬ 
out  tiielting  or  fracturing  the  plate.  This  is  accomplished  Iry  using  a  graded-density  material  to  impact  a  stationary  tlier 
plate.  When  this  graded  density  material  is  used  to  impact  a  stationary  Ilier  plate  on  a  two-stage  light-gas  gun  over  im¬ 
pact  velocities  of  b  to  7.4  km/s,  a  neatly  shockless,  structured,  and  uniform  high-pressure  pulse  will  be  introduced  in 
the  Ilier  plate.  .Since  the  loading  on  the  tlier  plate  is  nearly  shockless,  excess  heating  is  minimi/ed  to  prevent  tnelting 
of  the  flier  plate.  The  structured  pressure  pulse  is  also  necessary  to  prevent  the  flier  plate  from  fr.icturing.  litis  method 
has  been  used  to  launch  a  nominally  I  -nun  thick  aluminum  flier  plate  to  a  velocity  of  It). 4  km/s  (Chhabildas  ct  al.. 
H)i)2a.  Chhabildas  <■;(//.,  H)41 1,  and  tl,.‘s-mm  thick  aluminum  and  titanium  flier  plates  to  v  elocities  in  excess  of  1 2  km/s 
(('hhabildascru/..  HW.f), 

fhe  experimental  impact  configuration  used  to  sitnulale  orbital  debris  impact  is  indicated  in  Tigure  I .  R.idiographs  of 
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l  ig.  I.  lixperimental  conliguration  to  simu¬ 
late  orbital  debris  impacts 


big.  2.  Radiographs  of  the  Ilier  plates  in 

experiments  W.S  1 1  and  W  S 1 2  prior 
to  impact 


the  flier  plates  prior  to  impact  are  depicted  in  f  igure  2.  The  bumper  shield  materi.il  used  in  these  studies  was  .i  1().S  mm 
X  4().S  mm  bbb  I  I'b  aluminum  alloy  sheet.  1 .27  mm  ±  (fl)2.'>  mm  thick  The  tear  panel  vv.is  represented  bv  .i  40“'  mm 
X  fO.S  mm  22  lb  1X7  aluminum  alloy  panel.  I'he  thickness  of  the  teat  panel  employed  lor  both  experiments  w.is 
4.20  mm  ±  0.04  mm.  In  both  experiments,  the  stand  off  distance  In’tween  the  bumper  shield  and  the  le.ir  p.mel  was 
I  14  mm.  The  debris  shield  and  rear  panel  assembly  was  placed  at  a  minimum  distance  of  440  mm  from  the  plate  l.iiinch 
position  Phis  ensiiies  that  a  minimum  of  44  fls  reading  time  is  available  for  fast  framine  photoer.iphv 
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h  -H  X  ’  P«wuti.,n  of  the  debris  eknul  ge, rerated  upon  inipaet  of  the  bumper 

errnh  rr  T  >  pictures  are  front-lit  phoL 

V  ^  b  V  i  ’’J"  "^‘^''''’'7  the  structure  of  the  debns  cirrud.  In  trrost  experinrents  the  strle 

V  I  '  h' ,  ?T,!  '  -’’‘'"i'ored:  the  back  surface  view  of  the  rear  panel 

vvas  a  so  phou.graphed  Ihe  time  separat.on  of  each  franre  is  in.licated  in  the  figure.  An  exa.riple  of  the  photographs 

tried  frrr  1  r.th  the  side  and  back  v  tew  is  shown  in  Figure  3  and  4  for  experinrent  WS I  I .  The  cameras  were  located 
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Fig.  3.  Side  \  ievv  of  the  debris  cloud  in 
experiment  WS  1 1 


Fig.  4.  Back  view  of  the  rear  panel  in  experi- 
inent  WS  1 1 
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the  line  ot  flight.  The  giid  markings  indicated  on  the  figures  have  a  spacing  of  I  cm. 

EX  PF  R I M  ENTA  L  R  ES I !  LTS 

Imn  l^onh’-  Hi 'r  nlT"  "m  TT"'  as  a  collection  of  framing  photographic  pictures. 

Impact  of  the  tliei  plate  with  the  bumper  is  referenced  as  time  t  =  (i  in  this  paper. 

Experiment  W  S 1 1  Side  View 

hi  this  experiment,  impact  on  the  shield  occurred  at  a  velocity  of  Iti  .S  km/s  w  ith  a  mass  of  (1.3 1 S  g  for  a  1 2  7  mm  flier 

^  e'  r-riir  (  P"‘7’f  ^‘Ph"  of  the  debris  cloud  generated  upon  impact  of  the  bumper  shield  bv  the  flier 

I  ate.  r  h  first  dame  wsis  taken  at  (1.7  ps  after  impact.  The  debns  is  not  observed  in  the  first  frame  since  the  camera  is 

•1  nront  ti I  f  ‘  c  oxvurred.  This  would  sueuest 

a  propagation  velocity  ot  the  leading  edge  of  the  debris  front  to  be  greater  than  1 3. 1  km/s.  The  debris  cloud  explmis 

late  rally  as  it  propagates  towards  the  rear  panel  at  a  radial  expansion  velocity  of  over  7  km/s.  ^ 

Experiment  WSI I  Back  Stirfai  e  View 

I  he  bae  k  surface  v  le  w  ot  the  rear  panel  is  indicated  m  the  framing  photographs  show  n  in  Figure  4.  The  deformation  of 
the  r  ar  panel  ,s  ev  ident  at  14.7  ps  after  impact  of  the  bumper  shield.  Note  the  hvadinu  of  the  rear  panel  ocemrs 

n  n  r  .l t  h"  '•’‘“'"’P  niass  is  not^ damaging  to  the  plate  As  indi- 

ini;  ^  <>..  .he  .va,  panel  appear  to  be  mimivelv  u^himeed  wl 

up  .0  ^6  I  ps  r  he  etc  formation  at  B  appears  to  increase  a.  least  up  to  4(1  ps  after  impact  ,vf  the  bunlper  shield  There 
IS  evidence  of  further  delormat.on  identifie-d  as  Cand  I)  in  the  figure  occuninL-  a.  ~4(l  to  4,S  ps  Thev  appear  to  lx-  more 
pronounexd  in  later  frames.  Since  the  characteristics  of  the  deformation  a.  E  ami  D  do  no.  seem  to  ch/nrMumf^amiv 
ip.ure  ol  the  leai  panel  appeal  >  lo  have  been  prevented  at  leas,  up  to  Mips  after  impact  of  the  bumper  Ihield.  I.  seems. 
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therefore,  that  the  mass  threshold  for  penetration  of  this  type  of  Whipple  bumper  shield  concept  is  at  least  0.32  p  w  hen 
the  projectile  is  shaped  as  a  12.7-mm  diameter  plate  0.95  mm  thick,  at  an  impact  velocity  of  10.5  km/s.  This  does  not. 
however,  imply  that  there  are  no  spall  planes  or  cracks  formed  in  the  rear  panel,  thereby  weakeninti  the  substructure. 

Bxneriment  WSI2  Side  View 

In  this  e.speriment  a  flier  plate  (0.65  g)  19  mm  in  diameter.  0.X6X  mm  thick  impacted  the  bumper  shield  at  10. 1  km/s. 
Framing  photographs  of  the  debris  cloud  generated  upon  impact  of  the  bumper  shield  by  the  flier  plate  are  show  n  in 
Figure  5.  Although  the  flier  plate  is  bowed  prior  to  impact,  the  bow  ing  appears  to  be  symmetric  in  this  experiment.  .As 
indicated  in  the  figure,  the  expansion  of  the  debris  cloud  appears  to  he  very  nearly  spherical  as  it  propagates  towards 
the  rear  panel.  A  longitudinal  debris  front  velocity  is  calculated  to  be  ~  1 4. 1  km/s.  while  the  radial  expansion  velocity 
of  the  debris  cloud  is  estimated  to  be  ~7.3  km/s.  This  does  not  however  mean  that  the  entire  debris  cloud  is  propagating 
at  this  velocity.  The  structure  of  the  debris  cloud  at  7  ps  suggest  an  approximate  dispersion  of  50  mm.  suggesting  a 
velocity  distribution  froin  a  maximum  of  over  1 4  km/s  to  ~7  km/s.  Impact  of  the  rear  panel  is  evidenced  by  the  impact 
flash  signature  observed  in  the  photographic  frame  at  X  ps.  Note  that  the  debris  cloud  is  over  1 2(1  mm  in  diameter  prior 
to  impacting  the  rear  panel. 

Experiment  W.S12  Back  .Surface  View 

The  set  of  framing  photographs  depicted  in  Figure  6  displays  the  back  surface  view  of  the  rear  panel.  The  first  frame 
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Fig.  5.  Side  view  of  the  debris  cloud  in 
experiment  WSI2 


Fig.  6.  Back  surface  view  of  the  rear  panel 
in  experiment  WS12 


is  taken  at  X  ps,  which  is  approximately  the  time  at  which  the  leading  edge  of  the  debris  cloud  arrives  at  the  rear  panel. 
No  deformation  of  the  rear  panel  is  observed  until  the  sub.sequent  frame  at  1 3  ps,  in  which  a  defonnation  bulge  ~  1 5  mm 
in  diameter  is  observed.  Perforation  is  observed  in  the  next  frame  at  IX  ps.  The  exact  size  of  the  rupture  of  the  rear 
panel  cannot  be  estimated,  since  it  is  obscured  by  the  penetrating  debris.  The  radial  expansion  of  the  penetrating  debris 
occurs  approximately  at  a  velocity  of  2  km/s. 
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CTH  SIMULATIONS 

The  CTH  ( MeCilaun.  <7  a!..  1440)  eode  was  developed  to  model  a  wide  range  of  solid  dynamics  problems  involving 
shock  wave  propagation  and  material  motion  in  one,  two.  or  three  dimensions.  CTH  has  several  thermodynamic  models 
that  are  used  for  simulating  strong  shock,  large  deformation  events.  CTH  can  model  elastic-plastic  behavior,  high  ex¬ 
plosive  detonation,  fractuie,  and  motion  of  fragments  smaller  than  a  computational  cell. 

Numerical  simulations  of  experiments  WS  1 1  and  WS 12  were  performed  using  CTH.  Due  to  the  bowed  shape  of  the 
impacting  flier  plate,  three  CTH  simulations  were  completed  for  each  of  the  experiments  described  in  this  report.  Tw  o 
of  the  CTH  configurations  were  meant  to  bracket  the  actual  impact  and  the  third  was  an  attempt  at  matching  the  actual 
impact  configuration.  The  bracketing  calculations  are  characterized  as  a  Hat  plate  identical  to  the  experimental  plate 
prior  to  acceleration  and  a  sphere  of  mass  equal  to  the  experimental  plate.  In  addition  to  the  bracketing  simulations,  a 
section  of  a  spherical  shell  that  roughly  approximates  the  accelerated  plate  prior  to  impact  w  as  chosen  as  the  projectile. 
For  the  spherical  shell,  the  radius  refers  to  the  outer  radius  of  the  sphere,  the  thickness  refers  to  the  difference  betw  een 
the  inner  and  outer  shell  radius,  and  the  diameter  is  the  distance  along  the  surface  of  the  shell.  The  Table  1  lists  the 
relevant  properties  of  the  six  CTH  simulations.  These  simulations  also  allow  us  to  evaluate  numerically  the  effects  of 
shape  on  the  perf  ormance  of  a  simple  Whipple  bumper  shield. 


Table  1 .  Projectile  Parameters  for  the  CTH  Simulations 


CTH  Model 

Ex(K'niiicnl 

Form 

Mass 

(y) 

Diameter 

(mm) 

Tliiekness 

Imm) 

Shell  Radius 

(cm) 

nal2-s 

WSIl 

Sphere 

0..11X 

().6()X 

nal2-p 

W.S  1 1 

Plate 

()..1IX 

12.7 

0.45.1 

nal2-c 

WSIl 

Cap 

()..11X 

12.7 

1,0 

L.1.1 

nal4-s 

W.S  12 

Sphere 

(1.6.52 

0,72.1 

nal4-p 

WSI2 

Plate 

0.652 

14.0 

0.X6X 

na  14-c 

W.S  12 

C’ap 

0.652 

14.0 

1.0 

)..i.i 

The  CTH  simulations  assumed  normal  impacts  which  were  modelled  with  the  two-dimensional  axisymtnetric  geome¬ 
try  option.  All  of  the  simulations  used  identical  zoning,  material  strength  models,  and  equations-of-state.  The  zoning 
was  chosen  so  that  good  resolution  (~  Id  zones  across  the  axial  dimension)  of  the  shock  front  in  the  relatively  thin 
bumper  and  excellent  resolution  (~2.‘i  zones  across  the  axial  dimension)  in  the  rear  patiel  was  achieved.  In  addition,  to 
ensure  second  order  accuracy,  the  zoning  is  square  in  those  regions  of  primary  itnportance  (the  bumper  and  the  rear 
panel).  The  zoning  is  allowed  to  grow  and  the  contract  axially  in  the  region  between  the  bumper  and  rear  panel. 

The  projectile  and  butnper,  both  6()6I-T6  aluminum,  were  represented  by  the  ei|uation-of-state  developed  by  Kerley 
and  validated  against  experimental  data  for  pressures  below  Xd  GPa  (Kerley.  14X7).  The  rear  panel  (2214  T-X7  alumi¬ 
num)  was  represented  using  the  bdC.I  -Tfi  aluminum  equation-of-.state  with  an  adjustment  made  to  reflect  the  higher  ini¬ 
tial  density.  This  equation-of-state  for  aluminum  represents  the  solid-liquid  and  liquid-vapor  phase  changes  ( Kerley 
and  Wise,  14X5). 

The  materials  were  treated  using  a  linearly-elastic  perfectly-plastic  material  strength  model  w  ith  a  Von  Mises  yield  sur¬ 
face.  Principal  stress  was  used  to  trigger  the  void  insertion  fracture  model  for  all  rnaterials.  The  yield  and  tensile  strengths 
used  forb()6l-T6  and  22I4-TX7  were.5,dxl()'^  17.dxld'^and  b.dxld'*.  I.5.dxl()'^  dynes/cm',  respectively.  The  values  that 
were  used  reflect  the  well  known  increase  in  yield  and  fracture  strength  in  a  dynamic  loading  environment.  ( Asay  <7 
(//.  I4X.5,  Ek  and  Asay,  I4X.5). 


COMPUTATIONAL  RESULTS 

The  CTH  simulations  will  be  discussed  separately  in  their  respective  sections.  However,  several  key  results  from  the 
CTH  simulations  pertain  to  all  computational  permutations.  Experimentally,  the  debris  cloud  generated  by  the  impact 
of  the  flier  plate  on  the  bumper  is  characterized  by  a  diffuse  leading  edge.  This  diffuse  leading  edge  is  traveling  at  ve¬ 
locities  of  1 .1- 14  km/s.  A  large  radial  velocity  is  also  noted  from  the  experimental  photographs.  Only  the  flat  plate  CTH 
simulations  predict  an  enhancement  in  axial  velocity  of  the  debris  front  as  generated  by  the  impact,  although  at  a  low  er 
velocity  than  the  experiment.  The  CTH  simulations  also  predict  radial  velocities  lower  than  the  experimental  data.  In 
general,  the  simulations  do  not  predict  the  diffuse  vapor-like  nature  of  the  debris  cloud  as  noted  in  the  experimental 
photographs. 
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To  assess  the  sensitivity  ot  the  results  on  resolution  in  a  limit  domain,  a  series  of  one-dimensional  ealeulations  were 
also  performed.  The  /.oning  was  increased  by  a  factor  of  10(1  over  the  a.xial  zoning  in  the  tvMi-dimensional  simula¬ 
tions.  For  this  very  finely  resolved  simulation,  the  debris  front  velocity  was  only  slightly  greater  (<  5'/, )  than  that  noted 
for  the  flat  plate  simulations.  In  addition,  a  similar  highly  resolved  one-ilimensional  l.agrangian  calculation  was  per- 
tbrmed.  The  Lagrangian  simulation  also  gave  results  similar  to  the  (  Tf  I  predictions.  Therefore,  it  is  concluded  that  mesh  res¬ 
olution  is  not  a  significant  contributor  to  the  under-prediction  in  debris  front  velocity  by  the  CTH  simulations. 

WSIl  .Simulation  Spherical  Projectile 

Figure  7  show  s  a  representation  of  the  debris  cloud  resulting  from  C  FH  simulations  just  prior  to  impact  w  ith  the  rear 
panel.  The  right  side  of  Figure  7  show  s  the  density  ( resulting  from  the  impact  of  a  spherical  prrr  jectile )  of  all  materials 
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Fig.  7.  Cross-section  of  debris  cloud  for  the 
WS 1 1/sphere  simulation  at  1 1  |is 

in  the  simulation.  The  density  referred  to  here  is  that  of  a  computational  cell  and  should  not  be  confused  w  ith  the  linear 
density  as  determined  from  a  radiograph.  The  left  side  of  Figure  7  show  s  the  interface  lines  between  different  materials. 
Remnants  of  the  bumper  appear  in  the  left  side  of  the  figure  as  small  masses  of  material  being  swept  along  by  the  re¬ 
mains  of  the  spherical  projectile.  The  simulations  predict  that  the  debris  front  axial  velocity  is -10,2  kin/s  and  the  radial 
velocity  is  ~.^.b  kin/s  w  ith  a  spray  angle  of  I  °,  Figure  X  shows  a  representation  of  the  rear  panel  at  25  ps,  w  hich  is 
the  end  of  the  computational  record.  For  the  spherical  projectile,  the  r  ear  panel  is  not  perforated  by  the  debris  generated 
from  the  initial  impact.  From  this  single  perspective,  the  CTH  simulation  agrees  with  the  experimental  results. 

WSI I  Simulation  Flat  Plate  Projectile 

Figure  '•)  shows  a  representation  of  the  debris  cloud  from  CTFI  just  prior  to  impact  w  ith  the  rear  pane!  for  the  simulation 
of  experiment  WSIl.  In  this  simulation,  the  bumper  material  leads  the  remains  of  the  plate  and  has  expanded  axially 
compared  with  the  spherical  assumption  (compare  this  to  Figure  7).  The  simulations  predict  that  the  debris  front  axial 
velocity  is  ~12..‘5  km/s  and  the  radial  velocity  is  ~1.X  km/s  with  a  spray  angle  of -Id  .  Unlike  the  simulation  of  a  spher¬ 
ical  projectile,  the  mass  appears  to  be  "focused"  into  a  column,  resulting  in  less  dispersion.  Figure  10  show  s  the  CTH 
representation  of  the  rear  panel  just  after  perforation  by  the  debris  cloud.  An  ~  I  .“i  mm  diameter  rupture  is  predicted  for 
the  flat  plate  projectile. 

W.S  1 1  .Simulation  .Spherical  Cap  Projectile 

Figure  1 1  shows  a  representation  of  the  debris  cloud  from  CI’H  just  prior  to  impact  with  the  rear  panel.  In  this  simula¬ 
tion  and  unlike  the  flat  plate  prediction,  a  section  of  the  bumper  has  separated  from  the  pro  jectile  material  and  is  leading 
the  bulk  of  the  debris  cloud.  The  simulations  predict  that  the  debris  front  axial  velocity  is  ~1 1.1  km/s  and  the  radial 
velocity  is -2.5  km/s  with  a  spray  angle  of -1.^  .  Figure  12  shows  a  representation  of  the  rear  panel  just  after  perforation 
by  the  debris  cloud.  An  inspection  of  the  complete  computational  record  shows  that  perforation  of  the  rear  panel  occurs 
at  -24  (is  after  initial  impact.  From  this  figure,  one  can  note  the  perforation  diameter  is  -5  mm.  Perforation  is  not  ob¬ 
served  in  experiment  W.S  1 1  (see  Figure  4), 

Figures  1.^  and  14  show  the  calculated  density  as  a  function  of  axial  (y-axis  computationally)  and  radial  (x-axis  com 
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Fig.  X,  ('ross-section  of  the  rear  panel  for  the 
WSI  I/sphere  simulation  at  25  ps 
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l  ig.  'J,  Cross-sfL'lion  ot  the  debris  cloud  for 
the  WSI 1 /plate  simulation  at  '>  (is 


I'i!;.  10.  (’ross-section  of  the  rear  panel  for  the 
W.SI  1 /plate  simulation  at  10  ps 
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l  it;,  I  I.  (  ross  section  of  the  debris  cloud  for 
the  VV.S  1 1 /cap  simulation  at  1 1  ps 
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bit;.  1 2.  Cross-section  of  the  rear  panel  for  the 
W.S  1  I/cap  simulation  at  2.‘S  ps 


putationally)  position,  respectis  ely.  lor  the  three  projectile  approximations.  Both  figures  contain  information  just  prior 
to  impact  (0  -  1 1  ps  I  \\  ith  the  rear  panel.  I  he  axial  locations  used  in  bij:ure  1  .f  are  not  identical  for  the  three  pro  jectile 
.iliproximations,  but  are  taken  to  illtistrale  the  differences  in  the  radial  mass  distribution.  In  ueneral.  the  density  of 
the  debris  cloud  is  ~  KKi  limes  below  ambient  aluminum  density,  bor  the  spherical  projectile,  the  tveo  figures  show  the 
debris  cloud  to  ha\e  a  relativel)  hiyh  density  leadini:  edjte  axially  w  ith  a  somew  hat  lower  density  leadinu  edue  radially. 

I  he  radial  density  plot  l  biL'ure  14 1  show  s  a  density  spike  ali'ny  the  centerline.  This  is  thouuhl  to  be  an  artifact  of  the 
axisymmelric  approximation.  Mass  has  a  tendency  to  accumulate  alonu  the  cetiterline  because  of  the  boundary  condi¬ 
tion  applied  there,  l  ot  tiu'  Hal  plate  projectile,  the  two  figures  show  the  debris  cloud  to  have  a  slightly  higher  density 
leading  edge  axialh  lor  both  the  bumper  mI  projectile  material.  I  he  radial  density  plot  shows  a  density  plateau  rough- 
1>  er|u.il  to  the  initial  plate  radius  itl.H  cm)  with  an  exponential  decrease  off  of  that  plaletiu.  bor  the  spherical  cap  pro- 
lectile.  Ihe  two  ligures  shove  the  debris  cloud  to  have  a  distinctly  separated  regions,  the  leading  cloud  is  low  density 
with  the  Ir.iiling  material  limes  higher  density. 

WSI 2  .Sinnilation  .Spherical  t’roieclile 

bigure  I  S  shows  a  representation  of  the  debris  cloud  from  ("I'll  simulation  pisl  prior  to  impact  w  ith  the  rear  panel.  The 
riL'hl  side  of  biuure  I  .S  show  s  the  densilv  ol  all  materials  in  the  simulation.  I  he  left  side  of  biuure  I  .S  show  s  the  interface 
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Fig.  13.  Density  along  the  symmetry  axis 
(y-axis)  for  the  WS 1 1  simulations 


Fig.  14.  Density  as  a  function  of  radius 

(x-axis)  for  the  WSl  1  simulations 
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Fig.  1 5.  Cross-section  of  the  debris  cloud  for  Fig.  1  b.  Cross-section  of  the  rear  panel  for  the 

the  WSl  2/sphere  simulation  at  11  (is  WSl  2/sphere  simulation  at  IS  ps 

lines  between  different  materials.  Remnants  of  the  iumper  appear  in  the  left  side  of  the  figure  as  small  masses  of  ma¬ 
terial  being  swept  along  by  the  remains  of  the  spherical  projectile.  TTie  simulations  predict  that  the  debris  front  axial 
velocity  is  -Id.d  km/s  and  the  radial  velocity  is  ~3.4  km/s  with  a  spray  angle  of  ~.3t)  .  Figure  16  shows  a  representation 
of  the  rear  panel  just  after  perforation  by  the  debris  cloud.  An  in.spection  of  the  complete  computational  record  shows 
that  perforation  of  the  rear  panel  occurs  at  ~l  5  ps  after  initial  impact.  From  this  figure,  one  can  note  the  perforation 
diameter  to  be  ~2.5  mm. 

W.SI2  .Simulation  Flat  Plate  Projectile 

Figure  17  shows  a  representation  of  the  debris  c!  'ud  from  CTH  just  prior  to  impact  with  the  rear  panel.  In  this  simula¬ 
tion.  the  bumper  material  leads  the  remains  of  the  plate  and  has  expanded  substantially  compared  with  the  spherical 
assumption  (compare  this  to  Figure  1.5).  The  simulations  predict  that  the  debris  front  axial  velocity  is  -12.1  km/s  and 
the  radial  velocity  is  -2. 1  km/s  with  a  spray  angle  of  -13  .  Figure  IX  shows  a  representation  of  the  rear  panel  just  after 
perforation  by  the  debris  cloud.  An  inspection  of  the  complete  computational  record  shows  that  perforation  of  the  rear 
panel  occurs  at  -20  ps  after  initial  impact.  From  this  figure,  one  can  note  the  perforation  diameter  is  -22  mm.  Note  that 
the  photographic  records  for  experiment  WS  1 2  (see  Figure  6)  indicate  a  deformation  bulge  of  - 1 .5  mm  prior  to  rupture 
of  the  rear  panel. 
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Fij:,  17.  Cross-'-ection  iit  the  liehri s  cloud  lor  Mu.  IS.  Cross-scciion  ot  the  rear  panel  tor  the 

the  W.S  1 2/plate  simulation  at  9  ps  \^'.S  1 2,  plate  simrrlation  at  I ')  ps 

VV.SI2  Simulat'on  Spherical  Can  Projectile 

l  igure  19  show  s  a  representation  of  the  debris  cloud  I'roin  C'TII  just  p;  mi  to  impact  w  iih  the  rear  panel.  In  this  Simula 


F-ic’.  19.  Cross-section  ot  the  debris  cloud  li'r 
the  W.SI2,/c;ip  sinarlalion  at  id  ps 


Fiit.  211.  Cross  section  of  the  rear  panel  tor  the 
\\'SI2/cap  simulation  at  2.“^  ps 


tion,  a  section  of  the  bumper  has  separated  from  the  projectile  material  and  is  leadinu  the  bulk  of  the  debris  cloud.  l  ire 
simulations  predict  that  the  debris  front  axial  velocity  is  ~td.,S  km/s  and  the  railial  velocity  is  ~.C2  km/s  with  a  sprav 
ancle  of  ~24  .  F  ipuie  20  shows  a  representation  of  the  rear  panel  just  after  peiforation  by  the  debris  cloud  til  2.“'  ps  after 
impact  An  inspection  of  the  complete  computational  record  shows  that  perforation  of  the  rear  panel  occurs  at  -20  ps 
after  initial  impact.  F  rom  this  fitture.  one  can  note  the  perforation  diameter  is  -2  mm.  FVrforalion  of  the  rear  panel  oc¬ 
curs  when  a  reltilivelv  slow  movinu  sluit  of  cenlerline-maleritil  impacts  the  rear  panel.  F'his  slue  of  centerline  nititerial 
ctin  Ire  seen  in  F  ipure  19  at  y  =  .‘v-b  cm. 

F  ieures  21  and  22  show  the  density  as  a  function  of  axial  and  radial  position,  respectively,  for  the  three  proieclile  ap¬ 
proximations.  Hoih  fieures  contain  information  just  prior  to  impact  II  ps)  vvitli  the  rear  panel.  The  axial  locations 
used  in  l  ipure  22  are  not  identical  lor  the  three  proiectile  approximations,  but  are  taken  to  illustrate  the  diflerences  in 
the  nidi.il  mass  distribution.  In  I'eneral.  the  density  of  the  deirris  cloud  is  -  100  times  below  ambient  tiluminum  density, 
lor  the  splierical  proiectile.  the  two  fieures  show  the  debris  cloud  to  liave  a  relatively  hieh  densitv  leading  edee  axiallv 
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Fig.  21.  Den.sity  along  the  symmetry  a.xis 
(y-a\is)  for  the  W.SI2  simulations 


Fig.  22.  Density  as  a  function  of  radius 

(x-axis)  for  the  WS12  simulations 


with  a  somew  hat  lower  density  leading  edge  radially.  The  radial  density  plot  shows  a  density  spike  along  the  centerline. 
These  features  were  also  seen  in  the  CTH  simulations  of  experiment  WS 1 1 .  Again,  this  is  most  likely  an  artifact  of  the 
axis-symmetric  approximation.  For  the  Hat  plate,  the  two  figures  show  the  debris  cloud  to  have  a  slightly  higher  density 
leading  edge  axially  for  both  the  bumper  and  projectile  material.  The  radial  density  plot  shows  a  density  plateau  rough¬ 
ly  equal  to  the  initial  plate  radius  (0.95  cm)  with  an  exponential  decrease  off  of  that  plateau.  For  the  spherical  cap  pro¬ 
jectile.  the  two  figures  show  the  debris  cloud  to  have  distinctly  separated  regions.  The  leading  cloud  is  low  density  w  ith 
the  trailing  material  -5  times  higher  density. 


DI.SCL'.S.SION 

In  this  study,  impact  of  the  tlier  plate  on  the  bumper  shield  occurs  at  velocities  over  1(1  km/s.  This  generates  stresses  in 
excess  of  KiOClPa  in  both  the  impacting  flier  plate  and  the  bumper  shield.  Aluminum  melts  at  -12()GPa  in  the  shocked 
state.  Therefore  upon  release  from  160  GPa  the  entire  plate  and  the  bumper  shield  w  ill  be  molten  w  ith  the  final  release 
teinperature  ~.^0(I0  K.  .Since  the  boiling  point  for  aluminum  is  -2700  K.  partial  vaporization  is  also  anticipated.  The 
debris  cloud  generated  upon  impact  is  therefore  expected  to  be  completely  molten  with  partial  vaporiz-ation. 

As  mentioned  previously,  the  debris  cloud  is  observed  to  expand  almost  spherically  as  it  propagates  longitudinally.  The 
leading  edge  of  the  debris  cloud  is  presumed  to  be  low-density  material  probably  vapor,  travelling  at  velocities  of  1.^ 
to  14  km/s.  w  ith  a  density  gradient  across  the  debris  cloud  in  that  the  higher  density  material  is  travelling  slower  at 
velocities  approximating  6  to  7  km/s.  The  debris  cloud  expands  radially  at  a  rate  of -7  km/s.  This  implies  a  spray- 
angle  of  -4.6'’.  This  is  indicated  schematically  in  Figure  2.1.  The  subsequent  loading  on  the  rear  panel  is  both  spatial  and 
time-dependent  in  that  the  loading  is  distributed  over  a  considerable  portion  of  the  rear  panel  and  spans  a  time  interval 
of  approximately  X  qs.  This  is  also  consistent  w  ith  the  result  that  the  rear  panel  usually  ruptures  approximately  5  qs 
after  initial  loading. 

I  he  total  mass  in  the  debris  cloud  is  composed  of  the  mass  of  the  flier  plate  and  the  fraction  of  the  mass  of  the  bumper 
shield  that  was  penetrated  upon  impact.  As  a  first-order  approximation,  we  assume  that  the  flier  plate  punches  an  equiv¬ 
alent  diameter  hole  in  the  bumper  shield  upon  impact  and  we  neglect  any  mass  ejected  from  the  impacting  surface  of 
the  bumper.  For  a  1 9  mm  diameter  plate  impact,  the  contributing  mass  to  the  debris  cloud  from  the  bumper  shield  will 
he  approximately  (I.d6  g.  .Specifically,  in  experiment  WS  12  the  total  mass  in  the  debris  cloud  w  ill  be  1.61  g.  If  the  entire 
mass  is  distributed  uniformly  in  a  sphere  of  - 1 1  cm  diameter  prior  to  impact  ( see  Figure  .6)  of  the  rear  panel,  then  the 
density  of  the  debris  cloud  is  calculated  to  be  -0.002  g/cm '.  I  lowever.  as  indicated  in  F-igure  .6.  the  mass  appetirs  to  he 
distributed  towards  the  "front"  of  the  cloud  w  itlrn  a  finite  shell  thickness.  On  an  average  the  density  of  the  rest  of  the  cloud  should 
therefore  be  less  than  (i.(Ki2  gVin'. 

The  agreement  w  ith  experiment  is  relatively  good  if  the  criteria  of  peneiraiion/no-peneiration  is  used.  However,  the 
nature  of  the  debris  cloud  (front  velocity,  radial  dispersion,  and  mass  distribution  i  is  not  consistently  simulated  by 
C  F'II.  In  general,  the  assumption  that  the  projectile  is  a  spherical  object  of  mass  equal  to  the  mass  of  the  experimental 
flier  plate  gives  the  best  agreement  w  ith  experiment  for  the  distribution  of  mass  in  the  debris  cloud,  the  general  sh.ipe 
of  the  i  loud,  and  the  penetration  characteristics  of  the  debris  cloud  The  flat  plate  assumption  predicts  the  highest  axial 
velocity  of  the  debris  cloud  hut  a  very  small  spray  angle.  This  assumption  also  overpredicts  pertoration  numerically. 
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pletely  vaporizes  the  bumper  material  but  maintains  it's  own  state  as  mostly  liquid.  The  flat  plate  projectile  simulations 
produce  the  highest  amounts  of  vapor  for  both  bumper  and  projectile. 

The  mass  threshold  for  penetration  at  ~10  km/s  for  a  Whipple-like  bumper  shield  design  concept  described  in  this  study 
is  ~(l..^2  g  for  a  plate  12.7  mm  in  diameter,  and  (l.9.'S3  mm  thick,  as  the  results  of  experiment  WSl  I  suggest.  Experi¬ 
ments  with  intermediate  diameter  plates  are  required  to  determine  a  threshold  for  perforation  or  ballistic  limit.  Although 
the  deformation  of  the  rear  panel  is  observed  in  this  experiment,  rear  panel  perforation  is  prevented  at  least  up  to  60  (as 
after  impact  of  the  bumper  shield.  This  does  not,  however,  imply  that  there  is  no  structural  damage  to  the  rear  panel, 
such  as  spall  planes,  voids  or  cracks,  or  that  late  time  structural  response  does  not  cause  rupture. 

As  mentioned  above,  the  leading  edge  of  the  debris  cloud  is  low-density  material,  presumably  vapor,  travelling  at  ve- 
h'cities  of  1 .3  to  1 4  km/s,  with  a  density  gradient  across  the  debris  cloud  since  the  higher  density  material  is  travelling 
at  velocities  approximating  6  to  7  km/s.  The  density  distribution  of  the  debris  cloud  cannot  be  quantitatively  estimated. 
Low  energy  x-ray  studies  on  the  propagation  of  debris  cloud  would  complement  the  current  measurements,  and  would 
yield  quantitative  measurements  on  the  density  distribution  of  the  debris  cloud.  Alternately,  we  have  used  the  multi-dimen¬ 
sional  hydrodynamics  code  CTH  to  numerically  estiiruite  the  density  distribution  and  the  temperature  distribution  of  the 
cloud. 

In  general,  the  CTH  simulations  show  tantalizing  glimpses  of  the  reality  of  the  experimental  results.  In  no  case  does 
CTH  fully  predict  the  relevant  experimental  results.  However,  this  is  the  first  attempt  at  validating  CTH  to  an  experi¬ 
ment  of  this  type.  The  evidence  indicates  that  the  equation-of-state  used  does  not  contain  some  key  physics,  such  as 
phase  separation,  that  is  important  for  the  conditions  generated  by  ~10  krrt/s  impacts.  Since  this  velocity  regime  has  not 
been  previously  accessible  to  experiment,  the  inadequacy  of  the  equation-of-state  should  not  be  surprising. 

These  calculations  do,  however,  suggest  that  a  thin  flat  plate  impact  on  a  thin  shield  w  ill  cause  the  most  damage  to  the 
rear  plate,  primarily  due  to  the  ‘•one-dimensional"  nature  of  the  propagating  debris  that  is  generated  upon  impact.  For 
a  spherical  projectile,  the  debris  tends  to  disperse  laterally,  causing  the  impulse  loading  to  be  distributed  over  a  wider 
area,  thereby  minimizing  the  damage  to  the  rear  panel  when  compared  to  the  flat  plate  configuration. 
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DESIGN  AND  PERFORMANCE  EQUATIONS  FOR  ADVANCED 
METEOROID  AND  DEBRIS  SHIELDS 
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NASA  Johnson  Space  Center,  Mail  Code  SN3,  Houston,  Texas  77058 


ABSTRACT 

This  paper  provides  equations  defining  the  performance  capability  of  various  types  of  meteoroid  and 
debris  shielding  systems.  These  equations  have  been  developed  at  the  NASA  Johnson  Space  Center 
(JSC)  Hypervelocity  Impact  Test  Facility  (HIT-F).  Equations  are  included  that  are  applicable  for 
aluminum  Whipple  shields,  Nextel®  Multi-Shock  (MS)  shields,  hybrid  Nextel®/Aluminum  MS  shields, 
and  Mesh  Double-Bumper  (MDB)  shields.  The  MS  and  MDB  shields  are  advanced  shields  with 
demonstrated  weight  and  performance  advantages  over  ccmventicmal  Wnipple  shields. 

NOMENCLATURE 

C  Speed  of  sound  in  target  (km/sec) 

d  projectile  diameter  (cm) 

dc  critical  projectile  diameter  (cm)  causing  faUure 

p  density  (g/cm^) 

H  Brinell  hardness  of  target  (BHN) 

m  areal  density  (g/cm^) 

M  projectile  mass  (g) 

P  penetration  depth  (cm) 

5  overall  spacing  between  outer  bumper  and  rear  wall  (cm) 

a  rear  wall  yield  stress  (ksi) 

t  thickness  (cm) 

6  impact  angle  (deg)  measured  from  surface  normal 

V  projectile  velocity  (km/sec) 

Vn  normal  component  of  proj.  velocity  (km/sec)  =  V  cos  0 
Subscripts: 

b  bumpeifs)  [all  bumpers  in  Multi-Shock  (MS)  shield,  Hrst 

&  second  bumper  in  Mesh  Double-Bumper  (MDB)  shield] 

I  intermediate  layer  in  MDB  shield 

p  projectile 

t  target 

w  rear  wall 

1 ,2,3,4  individual  bumpers  and  spacings 
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INTRODUCTION 

Research  at  the  NASA  Johnson  Space  Center  (JSC)  Hypervelocity  Impact  Test  Facility  (HIT-F)  has 
resulted  in  a  number  of  low-weight,  state-of-the-art  shielding  concepts  for  spacecraft  protection  from 
meteoroid  and  orbital  debris  impact  (Crews  and  Christiansen,  1992).  One  such  concept,  the  Multi-Shock 
(MS)  Shield,  uses  a  spaced  array  of  4-S  thin  sheets  of  aluminum,  ceramic  fabric  or  other  materials  to 
repeatedly  shock  and  ^sintegrate  impacting  projectiles  followed  by  a  rear-wall  to  react  the  loading  from 
the  debris  cloud  (Cour-Palais  and  Crews,  1990).  Another  concept,  the  mesh  double-bumper  (MDB) 
consists  of  four  elements;  a  mesh,  a  continuous  aluminum  sheet,  high-strength  fabric,  and  rear  wall 
(Christiansen,  1990).  Both  the  MS  and  MDB  shields  provide  weight  savings  of  approximately  50%  at 
light  gas  gun  velocities  compared  with  conventional  dual-sheet  aluminum  Whipple  shields  (Table  1). 
NASA  is  currently  assessing  the  potential  application  of  advanced  shield  concepts  to  Space  Station 
Freedom  (SSF),  including  hybrid  forms  of  the  MS  and  MDB  shields  that  combine  ceramic  cloth  and 
aluminum  layers  in  various  multi-bumper  configurations  to  optimize  performance  capabilities  within 
established  design  constraints.  Results  of  HVI  testing  and  performance  assessments  for  one  of  many 
hybrid  shield  configurations  under  consideration  are  presented  in  this  paper. 

Table  1.  Hypervelocity  impact  data  for  Whipple,  Nextel® 

Multi-Shock  (MS),  and  Mesh  Double-Bumper  (MDB)  shields 

Shield  mass  per  unit  area  for  no  perforation  or  detached  spall  (All  impacts  at  6-7  km/sec) 

Overall  Shield  Areal  Density  (g/cm^)  and  (Test  Number) 

Impact  Spacing 

Angle  (cm)  Whipple  Multi-Shock  MDB 


3.2  mm  (45  mg)  Aluminum  Projectile 


0“  5 

0°  10 

45°  10 


1.12  (JSC-A 1464) 
0.60(JSC-A235) 
1.50  (JSC-Al  195) 


0.53  (JSC-A624) 
0.29(JSC-A1231) 
0.31  (JSC-A1317) 


0.41  (JSC-A963) 
0.25  (JSC-A1285) 
0.36  (JSC-A1069) 


6.4  mm  (0.37  g)  Aluminum  Projectile 


0°  10 

0°  20 


2.07  (JSC-B128) 
0.96  (JSC-B31) 


1.10(JSC-B112) 
0.63  (JSC-B70) 


0.94  (JSC-B77) 
0.64  (JSC-B27) 


9.5  mm  (1.3  g)  Aluminum  Projectile 

0°  30  1.35  (ARC-1895)  1.02  (UDRI 4-1293)  1.08  (UDRI 4-1172) 


For  assessments  of  the  vulnerability  of  spacecraft  from  meteoroids  and  debris,  equations  have  been 
developed  that  deFine  Whipple,  MS,  and  MDB  shield  protection  capabilities  as  a  function  of  projectile 
diameter,  velocity,  impact  angle,  density,  etc.  These  equations  are  updates  of  previous  work  (Cour- 
Palais,  1969;  Cour-Palais  and  Crews,  1990;  Christiansen,  1990).  The  shield  performance  equations  are 
based  on  hypervelocity  impact  tests  and  analyses  to  cover  the  full  range  of  expected  on-orbit  impact 
conditions.  Orbital  debris  in  low  Earth  orbit  can  impact  at  speeds  exceeding  14  km/sec,  with  an  average 
of  -10.3  km/sec.  Meteoroids  range  from  1 1  to  72  km/sec.  Most  on-orbit  impacts  will  be  oblique,  and 
only  a  fraction  (<15%  typically)  will  be  within  10°  to  20°  of  perpendicular  (i.e.,  normal)  to  the  spacecraft 
surf^ace.  Impact  tests  are  used  to  derive  the  penetration  equations  up  to  the  highest  velocity  attainable  in 
the  laboratory,  and  analytical/numerical  techniques  are  used  to  determine  shield  response  beyond  test 
capabilities.  Impact  data  to  validate  the  equations  is  limited  by  light  gas  gun  performance  to 
approximately  8  km/sec.  NASA  has  been  actively  supporting  launcher  development  to  extend  the 
database  to  10-12  km/sec. 

The  equations  in  this  paper  are  presented  in  two  parts;  (1)  sizing  equations  to  determine  preliminary 
estimates  of  shielding  thicknesses  and  weights,  and  (2)  performance  (or  "ballistic  limit")  equations  to 
define  the  impact  conditions,  such  as  projectile  size,  velocity,  density,  and  impact  angle,  that  define  the 
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maximum  protection  capability  for  a  particular  shield.  The  penetration  or  ballistic  limit  equations  given 
in  this  paper  are  based  on  a  failure  criteria  defined  as  perforation  or  detached  spall  of  the  rear  wall  of  the 
shield.  Other  ballistic  limit  curves  could  be  developed  based  on  other  failure  modes.  The  ballistic  limit 
equations  are  used  in  computer  programs  to  calculate  probabilities  of  damage  from  meteoroid  and  debris 
impacts  (Christiansen  and  Hyde.  1992).  These  equations  continue  to  be  updated  periodically  as 
warranted  by  the  results  of  additional  hypervelocity  impact  (HVl)  tests,  analyses,  and  impact  modelling. 

SINGLE  SHEET  PROTECTION 

In  some  cases,  spacecraft  components  (such  as  electronic  boxes,  etc.)  are  "protected"  by  a  single, 
monolithic  material.  To  assess  protection  capabilities  for  single-sheet  aluminum  alloy  "shields", 
penetration  and  perforation  threshold  equations  were  developed  by  Cour-Palais  (1985,  1987).  For 
projectile  density  (Pp/pt  <  1.5),  the  penetration  depth  into  a  semi-infinite  target  is: 

P«.=  5.24  d‘^/‘8  h-0.25  (Pp/p^o.5  (V„/C)2^  (la) 

For  projectile  density  (Pp/pt  ^  1.5): 

P«=  5.24  dl9/18  h-0.25  (Pp/p02^  (Vn/C)2^  (lb) 


If  there  is  attached  spall,  the  penetration  depth  is  greater  than  into  a  semi-infinite  target: 

P=  1.05  Poo  (2) 

If  there  is  detached  spall,  penetration  depth  can  vary  between  1.08  and  1.5  times  the  semi-infinite  target 
penetration,  that  is 

P=  1.08  Poo  to  1.5  Poo  (3) 

The  plate  thickness  to  prevent  perforation,  but  not  detached  spall  is  approximately  1.8  times  the  semi¬ 
infinite  target  penetration  (this  includes  the  detached  Sf^l  thickness): 

t=  1.8  Poo  (4) 

Plate  thickness  to  prevent  perforation  and  detached  spall,  but  would  allow  attached  spall  is 

t  =  2.2  Poo  (5) 

Plate  thickness  to  prevent  perforation  and  incipient  spall  is 

t=3Po.  (6) 


EQUATIONS  FOR  PRELIMINARY  SHIELDING  DESIGN 

A  simplified  method  is  sometimes  used  (Cour-Palais,  1979;  Christiansen,  1992)  to  roughly  size  the 
thicknesses  of  the  bumper(s)  and  rear  wall  of  meteoroid/debris  shields  and  estimate  shielding  weights.  A 
"design"  particle  size  is  calculated  for  each  surface  of  a  critical  element  from  probability  of  no-failure 
requirements,  environment  models,  surface  area,  and  orientation  considerations.  Thicknesses  and 
spacings  for  the  various  shield  layers  are  then  determined  based  on  defeating  the  "design"  particle  at  its 
average  impact  velocity,  density,  and  impact  angle.  Although  adequate  for  developing  estimates  of 
shielding  weights  and  for  performing  quick  trade  studies,  a  more  comprehensive  approach  is  used  for 
verifying  design  adequacy  by  considering  the  complete  meteoroid/debris  impact  angle  and  velocity 
distributions. 

EQUATIONS  FOR  PROBABILITY  ANALYSES 

Shielding  protection  capability  is  assessed  by  probability  analyses  which  account  for  the  directional 
nature  of  orbital  debris  and  meteoroids,  the  complex  response  of  the  shielding  to  oblique  and  low  speed 
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impact,  and  shadowing  from  nearby  equipment  (Christiansen  et  al.,  1992;  Crews  and  Christiansen, 
1992). 

The  ballistic  limit  equations  for  Whipple,  Multi-Shock  (MS),  and  Mesh  Double-Bumper  (MDB)  shields 
are  in  a  form  that  relates  critical  particle  diameter  (dp)  with  impact  velocity,  impact  angle,  particle 
density,  and  target  parameters.  Impacts  larger  than  the  aitical  particle  size  cause  shield  failure  (i.e., 
perforation  or  detached  spall  of  the  rear  wall  of  the  hybrid  shield),  while  those  smaller  do  not.  The 
equations  are  consistent  with  the  equations  given  for  shield  sizing  purposes,  although  additional 
equations  are  given  to  cover  the  full  range  of  on-orbit  impact  velocities  and  impact  angles. 

DERIVATION  OF  EQUATIONS 

The  shielding  equations  in  this  paper  are  based  on  a  number  of  HVI  tests  performed  in  the  JSC 
Hypervelocity  Impact  Test  Facility  (HIT-F)  and  other  facilities.  The  damage  classification  system  of 
Dahl  and  Cour-Palais  (1991)  was  used  to  standardize  the  shield  damage  observed  in  these  hypervelocity 
impact  tests.  The  criteria  for  shielding  success  in  these  tests  was  no  perforation  or  detached  spall  from 
the  in-board  wall  (or  "rear  wall")  of  the  shield  protection  system.  Over  2(X)  tests  on  Whipple  shields  and 
150  tests  on  Multi-Shock  and  Mesh  Double-Bumper  shields  provide  the  basis  of  the  performance 
equations.  The  tests  us,'d  spherical  projectiles  up  to  ~8  km/sec.  The  velocity  in  the  databa^s  is  limited 
by  the  capability  of  two-stage  light  gas  guns,  the  workhorses  of  hypervelocity  impact  research. 
jMthough  velocities  less  than  8  km/sec  represent  only  -25%  of  the  debris  threat,  the  HVI  data  includes 
the  more  damaging  low  velocity  impacts  for  these  particular  shields  (typically  2-3  km/sec)  and  therefore 
represents  a  higher  percentage  of  the  penetrating  flux  (Christiansen  et  al.,  1992).  In  addition,  the  JSC 
HIT-F  is  currently  evaluating  data  provided  from  a  new  generation  of  launchers  such  as  an  inhibited 
shaped  charge  launcher  developed  by  Southwest  Research  Institute  for  NASA  (Tullos  et  al.,  1990)  and 
Sandia  National  Laboratories'  Hypervelocity  Launcher  (Chhabildis,  1992).  Although  these  launchers 
can  fire  aluminum  particles  in  excess  of  10  km/sec,  test  analysis  is  complicated  by  the  fact  that  the 
projectiles  are  non-spherical  and  subject  to  variations  in  impact  orientation,  size  and  shape.  A  primary 
use  for  the  advanced  launchers  is  for  comparison  with  hydrocode  results  and  calibration  of  the  materi^ 
models  used  in  hydrocodes.  The  hydrocodes  are  then  used  to  predict  shield  perfonnance  for  >10  km/sec 
spherical  particle  impacts. 

The  equations  for  application  beyond  test  capabilities  have  built  on  formulations  originally  developed  tor 
Whipple  shields  in  the  1960's  and  1970's  which  have  been  applied  in  evaluating  meteoroid  threats  (Cour- 
Palais,  1969),  as  well  as  previously  developed  MS  and  MDB  equations  (Cour-Palais  and  Crews,  1990; 
Christiansen,  1990).  Generally,  a  simple  analytical  relationship  forms  the  basis  of  scaling  to  velocities 
beyond  8  km/sec,  although  JSC  HIT-F  applies  more  sophisticated  analysis  techniques  such  as 
hydrodynamic  computer  codes  to  evaluate  the  velocity  scaling  relafions  (Crews  and  Christiansen,  1992). 
lliese  evaluations  are  still  in  progress. 

ALUMINUM  WHIPPLE  SHIELDS 

Figure  1  illustrates  the  Whipple  shield  concept  which  consists  of  a  front  bumper  at  some  stand-off 
distance  from  a  rear  wall,  llie  following  equations  are  based  on  aluminum  alloy  shielding  materials. 
Bumper  and  rear  wall  thicknesses  for  defeating  a  given  particle  threat  can  be  determined  by  the 
following  equations: 


tb  =  Cb  mp/pb  =  Cb  d  pp/pb  (7) 

tw  =  Cw  dO  5  (pp  pb)»/6  v„/S0-5  (70/0)0-5  (8) 

For  aluminum  on  aluminum  impacts  (i.e.,  Pp  =  pb).  Cb  =  0.25  when  S/d<30  and  Cb  =  0.20  when  S/d>30. 
In  equation  (8),  Cw  =  0.16  cm^-sec/g^^-km.  The  coefficient  Cb  is  increased  to  0.25  to  reduce  the 
possibility  of  underestimating  the  required  rear  wall  thickness  with  small  standoff  distances.  These 
equations  are  based  on  a  ballistic  limit  criterion  defined  as  no  perforation  or  detached  spall  of  the  rear 
wall  of  the  shield. 
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Hypervelocity  Impacts  will  generate  a 
cloud  of  bumper  and  projectile  debris 
that  can  contain  solid  fragments, 
liquid,  or  vapor  particles. 


The  second  wall  must  survive  the 
fragments  and  Impulsive  loading. 
It  could  rupture  from  the  impulsive 
loading,  or  fail  due  to  spall  or 
perforation  from  solid  fragments. 


Figure  1.  Whipple  Shield  (after  Rajendran  and  Elfer,  1989) 

Equation  (8)  is  valid  for  particles  impacting  at  a  nonnal  component  velocity  (Vn)  of  greater  than  7 
km/sec.  The  rear  wall  thickness  relation  is  a  slightly  modified  version  of  the  Cour-Palais  Whipple 
equation  ("non-optimum")  which  was  used  in  the  Apollo  program  to  exti^xtlate  test  data  to  meteoroid 
impact  conditions  (Cour-Palais,  1969).  Coefficient  Cw  was  derived  from  HVI  testing  with  aluminum, 
glass,  and  nylon  projectiles  that  varied  in  diameter  from  0.04  cm  to  1.9  cm  (Christiansen,  1991b).  If  the 
S/d  ratio  is  less  than  IS  for  aluminum  on  aluminum  impacts  (Pp  =  pb),  or  (tb  PbVCd  Pp)  is  less  than  0.18 
for  normal  impacts  (not  oblique)  with  V>7  km/sec,  equation  (8)  potentially  undeipredicts  rear  wall 
thickness.  Bumper  fragments  become  the  primary  source  of  rear  wall  damage  at  impact  angles  greater 
than  65®.  Therefore,  above  65®,  the  calculated  rear  wall  thickness  should  be  constrained  to  65®.  More 
information  on  the  derivation  and  applicability  of  these  equations  is  contained  elsewhere  (Christiansen, 
1991a:  Cour-Palais,  1969). 

The  following  equations  define  the  protection  capability  limits  for  a  Whipple  shield  in  terms  of  a  critical 
particle  size  (d^)  that  causes  shield  failure  (complete  penetration  or  detached  spall).  Three  penetration 
regimes  are  defined  based  on  normal  component  velocity.  At  low  velocities,  below  3  km/sec,  impact 
shock  pressures  are  low  and  the  projectile  remains  essentially  intact  after  impact  on  the  bumper.  The 
shield's  rear  wall  is  then  impacted  by  a  deformed  but  substantially  intact  projectile.  The  critical  particle 
size  for  Vn  ^  3  km/sec  is  given  by 

dc  =  ((tw  (0/40)0-5  +  tb)/(0.6  (cos  0)5/3  ppO.5  v2/3)](18/19)  (9) 

The  projectile  is  more  damaging  as  velocity  inaeases  in  the  low  velocity  regime,  thus  critical  particle 
size  decreases  as  velocity  increase.N.  Ai  velociti'’S  above  Vn=3  km/sec,  the  projectile  fragments  on  the 
bumper  and  will  begin  to  melt  above  Vn  =  -5.5  km/sec  for  aluminum  on  aluminum  impacts  (Swift, 
1982).  A  fragmenting  or  partially  molten  projectile  is  less  damaging  to  the  rear  wall,  thus  critical 
particle  size  increases  in  the  intermediate  velocity  range. 

For  3  km/sec  <  Vn  <  7  km/sec: 

dc  =  {[(tw  (0/40)0-5  +  tb)/(1.248  PpO-5  cos  0)](18/19)  x 

(1.75  -  (V  cos  0)/4))  +  ([1.071  Pp-*/3  sl/3  (o/70)‘/3]  x 

((V  cos  0)/4  -  0.75)} 


(10) 
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At  velocities  above  7  km/sec,  the  debris  cloud  impacting  the  rear  wall  will  contain  various  fractions  of 
solid,  liquid,  and  vapor  components  of  the  projectile  and  bumper  depending  on  impact  conditions 
(projectile  shape,  obliquity,  density,  etc.).  For  W„>7  km/sec,  critical  particle  size  is  given  by 

dc  =  3.918  tw^^  Pp-1'3  pj^-1/9  (V  cos  e)-2/3  (0/70)1/3  (H) 

For  oblique  impact  angles  over  65°,  critical  particle  sizes  should  be  set  to  the  critical  particle  sizes  for 
65°  impact,  because  of  the  increased  damage  to  the  rear  wall  from  bumper  fragments;  i.e., 

dc®>^5  -  (jce=65  (12) 

i\n  example  of  set  of  ballistic  limit  curves  for  a  10  cm  standoff  Whipple  shield  (1.25  g/cm^  total  areal 
density)  is  shown  in  Figure  2.  The  plot  is  of  particle  diameter  to  fail  the  shield  as  a  function  of  impact 
speed  for  different  impact  angles  (failure  of  the  shield  occurs  above  the  curves).  This  shows  low  speed 
(~2-3  km/sec)  and  higher  speed  (-7  km/sec)  oblique  impacts  can  be  more  damaging  (i.e.,  they  have 
lower  critical  diameters)  than  higher  speed  (-7  kni/sec)  normal  impacts.  A  key  factor  governing  the 
performance  of  Whipple  shields  is  the  "state"  of  the  debris  cloud  projected  from  the  bumper  toward  the 
rear  wall.  Whipple  shields  are  less  effective  at  low  impact  velocities  and  certain  oblique  impact  angles  at 
higher  .speeds  b^ause  these  are  the  conditions  which  generate  low  impact  pressures  in  the  projectile  and 
bumper  that  result  in  solid,  more  penetrating  fragments  impacting  the  rear  wall. 


(No  perforation  or  detached  spall  below  curves) 
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Figure  2.  Whipple  Shield  Ballistic  Limit  Curves:  0.127  cm  A1 6061-T6  bumper,  10.2  cm  spacing, 
0.32  cm  A1 2219-T87  rear  wall,  total  shield  areal  density  =  1.25  g/cm^ 

NEXTFX  MULTI-SHOCK  (MS)  SHIELD 

The  multi-shock  (MS)  shield  (Figure  3)  is  a  low-weight  shielding  alternative  to  the  Whipple  shield. 
Sizing  equations  for  two  types  of  MS  shield  are  given  below:  (I)  Four  equally  spaced  ceramic  fabric 
bumpers  with  an  aluminum  rear  wall,  and  (2)  An  all-flexible  shield  consisting  of  four  equally  spaced 
ceramic  fabric  bumpers  with  a  ceramic  fabric  rear  wall.  A  ceramic  fabric  that  has  been  tested 
extensively  at  the  JSC  HIT-F  is  Nextel®,  an  alumina,  boron  oxide,  silica  ceramic  product  made  by  3M 
Corporation.  In  these  equations,  the  combined  areal  density  of  all  four  Nextel®  bumpers  is  given  by 
"mb”,  and  the  overall  spacing  (from  outermost  bumper  to  the  rear  wall)  is  given  by  "S".  The  arei 
density  of  all  four  MS  bumpers  is  approximately  equal  to  the  areal  density  of  the  single  bumper  in  a 
Whipple  shield.  Major  weight  savings  occur  in  reducing  the  rear  wall  thickness  required  to  stop  a  given 
threat  particle. 

For  MS  ceramic  fabric  bumpers  and  aluminum  wall: 


mb  =  0.19  mp  =  0.19  d  Pp 


(13) 
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mw  =  41.7  M  Vn/S2  (40/a)0  ^  (14) 

For  MS  ceramic  fabric  bumpers  and  ceramic  fabric  wall: 

mb  =  0.19  nip  =  0.19  d  pp  (15) 

mw  =  43.6  M  Vn/s2  (16) 

These  equations  are  slightly  modified  version  from  the  MS  equations  presented  by  Cour-Palais  and 
Crews  (1990).  The  wall  areal  densities  calculated  by  Equations  14  and  16  are  based  on  the  ballistic  limit 
criteria  of  preventing  perforation  and  detached  spall.  HVI  testing  with  aluminum  projectiles  up  to  1  cm 
have  been  performed  on  the  Nextel®  bumper  and  aluminum  wall  MS  configuration.  These  equations 
can  be  applied  for  a  component  velocity  (V  x  cos®-^^0)  of  greater  than  6.4  km/sec  and  S/d  ratio  of 
greater  than  IS.  These  equations  are  valid  for  all  impact  angles. 
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Multiple,  ultra-thin,  spaced  sheets 
(TS/DP  ^3) 

Successive  shocks  raise  thermal  slate  of 
projectile 

Flexible  or  rigid  shields  materials 
Flexible  material:  ceramic  fabric 

-  Nextel  (3M  brand  name):  62%  A1203. 

24  Si02.  14%  B203 

•  Versatile.  Many  on-orbit  augmentation 
options. 

Augmentahon  shield  using  deployable  concepts 


Figure  3.  Multi-Shock  Shield  (Cour-Palais  and  Crews,  1990) 

No  limits  are  necessary  on  oblique  impacts  because  the  ceramic  fabric  bumpers  do  not  produce 
damaging  fragments.  Particles  produced  by  impacts  on  the  ceramic  fabrics  are  short  fibers  up  to  several 
millimeters  long  but  only  10-12  microns  in  diameter.  Nextel®  bumper  particles  ejected  normal  to  the 
bumper  during  oblique  impact  generally  do  not  penetrate  subsequent  bumper  layers  and  therefore  do  not 
damage  the  rear  wall.  Bumper  fragments  from  a  Whipple  shield  are  far  more  damaging  to  the  rear  wall 
for  two  reasons:  (1)  an  oblique  impact  on  the  bumper  of  the  Whipple  shield  (which  is  -4  times  heavier 
than  a  MS  bumper)  produces  bumper  fragments  that  are  larger  and  more  penetrating  than  the  tiny  fiber 
particles  from  a  MS  fabric  bumper  and  (2)  these  bumper  particles  impinge  directly  on  the  rear  wall  of  the 
Whipple  shield  in  contrast  with  the  MS  shield  where  bumper  particles  are  stopped  by  lower  layers  of  the 
MS  shield  before  reaching  the  rear  wall. 

The  following  MS  shield  ballistic  limit  equations  are  valid  for  a  shield  consisting  of  4  Nextel®  bumpers 
and  an  aluminum  rear  wall,  with  equal  spacing  between  sheets.  In  these  equations,  the  overall  spacing 
from  the  first,  outer-most,  bumper  to  the  rear  wall  is  given  by  "S”. 

ForV>6.4/(cose)0-25; 

dc=  0.358  (twpw)*^Pp'‘^V-‘^  (cos  e)-i^S2^(a/40)l'6  (17) 

For  2.4/(cos  0)0  5  <  v  <  6.4/(cos  0)®  25; 

dc  =  1.12  Pp-0-5  [tw  (0/40)0-5  +  0.37  mb]  (cos  O)'* 

[(6.4/(C0S  0)0  25  .  V)/(6.4/(cos  0)0-25 . 2.4/(cos  0)0-5)] 

+  0.193  (tw  Pw)‘'^  Pp'*^  (cos  0)-l/4  s2/3  (0/40)1/6 
[(V  -  2.4/(cos  0)O-5)/(6.4/(cos  0)0-25 . 2.4/(cos  0)0-5)] 


(18) 
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For  V  <  2.4/(cos  0)0  5; 

dc  =  2  [tw  (o/40)0  5  +  0.37  mb]/[(cos  0)^/3  p^O-S  yT/J]  (19) 

Figure  4  illustrates  the  results  of  applying  the  above  equations  for  a  small-scale  MS  shield  (0,31  g/cm^ 
shield  areal  density,  10  cm  overall  spacing).  This  plot  shows  that  a  3.2  mm  aluminum  projectile 
impacting  at  6.5  km/sec  and  normal  impact  angle  will  be  on  the  ballistic  limit  of  the  shield,  while  the 
shield  will  stop  a  1.25  mm  projectile  in  a  normal  impact  at  3  km/sec. 


Figure  4.  Multi-Shock  Shield  Ballistic  Limit  Curves:  MS  consists  of  four  Nextel®  AF26  bumpers 
(0.043  g/cm^  each)  and  a  0.0508  cm  A1 2024-T3  rear  wall,  with  2.54  cm  between  each  sheet, 

10.16  cm  overall  spacing,  0.31  g/cm^  total 

MESH  UOUBLE-BEMFER  (MDB)  SHIELD 

The  Mesh  Double-Bumper  (MDB)  is  another  advanced  shield  that  provides  similar  protection  and 
weight  savings  benefits  as  the  MS  shield.  A  schematic  of  the  MDB  shield  is  given  in  Figure  5.  It  was 
developed  to  show  major  improvements  in  the  shielding  protection  capability  of  a  Whipple  shield  could 
be  made  simply  by  adding  a  mesh  a  short  distance  in  front  of  the  Whipple  bumper  and  putting  a  high- 
strength  fabric  layer  (Kevlar®,  Spectra®,  or  ceramic  cloth)  between  the  Whipple  bumper  and  rear  wall. 
Impact  testing  at  the  JSC  HIT-F  has  shown  that  a  double  bumper  system  with  a  mesh  outer  bumper 
exhibits  superior  performance  than  the  same  weight  double  bumper  consisting  of  two  continuous 
aluminum  sheets.  Equations  for  sizing  MDB  shields  and  predicting  performance  are  given  by 
Christiansen  and  Kerr  (1992). 
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•  Aluminum  mesh: 

-  Mass  efficient  method  to  disrupt  projectile 

-  Greater  spread  of  debris  cloud  results  from 
impacts  on  mesh;  reduces  performance 
degradation  at  smaller  spacings. 

-  Fine  mesh  used.  Small  projectiles  passing 
unhindered  through  mesh  easily  defeated  by 
remaining  shield  elements. 

-  Improvement  over  equal-weight  aluminum 
double  bumpers. 

•  Second  bumper  used  to  deliver  second  shock  to 

remaining  fragments. 

•  Intermediate  layer  of  high-strength  fabric  (SpecUa, 
Kevlar,  Nextel,  etc.)  used  to  decrease  impulsive 
loading  on  back  sheet. 


Figure  5.  Me.sh  IXiublc-Bumpcr  Shield  (Chrislianstcn,  1990) 


I  -IMi!  ['ft  !i 't  lli.iii. 


HYBRID  NEXTEI7AI.UMINUM  MULTI-SHOCK  SHIELDS 

Hybrid  MS  shields  are  defined  as  a  MS  combination  of  Nextel®  and  aluminum  bumpers  and  aluminum 
rear  wall.  Hybridized  MS  (and  MDB)  shields  are  being  considered  for  application  on  SSF  because  it  is 
relatively  uncomplicated  to  improve  the  protection  capability  of  certain  WTiippIe  shields  by  adding  2  to  3 
Nextel®  layers  in  the  hybrid  shield  configuration  (i.e.,  over  the  Whipple  shield).  The  hybrid  shield 
considered  in  this  section  is  a  triple-bumper  shield  containing  two  layers  of  Nextel  ®  ceramic  cloth  over 
an  aluminum  2-sheet  Whipple  shield  (Figure  6).  The  2  outer  Nextel®  bumpers  and  the  aluminum 
bumper  are  all  equally  spaced  from  each  other.  The  spacing  between  the  aluminum  bumper  and 
aluminum  rear  wall  is  twice  the  inter-bumper  spacing.  Both  Nextel®  sheets  together  contain 
approximately  the  same  areal  density  as  the  aluminum  bumper,  while  the  rear  wall  is  approximately 
twice  the  are^  density  of  the  aluminum  bumper.  HVI  testing  investigated  a  range  of  different  hybrid 
MS  shields,  including: 

(1)  A  20  cm  overall  standoff  (1.05  g/cm^)  hybrid  shield  (100%  scale  model)  with  2  Nextel®  BF54 
bumpers  (0.108  g/cm-^  each),  a  0.1  cm  A1 6061-T6  bumper,  and  a  0.18  cm  A1 6061-T6  rear  wall. 

(2)  A  40%  model  of  the  hybrid  shield  in  (1):  A  7.6  cm  overall  standoff  (0.42  g/cm^)  hybrid  shield  with 
2  Nextel®  AF26  bumpers  (0.043  g/cm^  each),  a  0.041  cm  A1  6061-T6  bumper,  and  a  0.081  cm  A1 6061- 
T6  rear  wall. 
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Figure  6.  Hybrid  Nextel®/Aluminum  Multishock  Shield 

Ballistic  limit  equations  for  the  hybrid  shield  are  given  below  based  on  analy.sis  of  the  -50  HVI  tests 
completed  at  the  JSC  HIT-F  on  hybrid  shields.  The  impact  tests  demonstrated  dimensional  scaling  over 
target  sizes  varied  by  2.5  times  (i.e.,  a  40%  scale  model  that  defeats  a  2.5  mm  particle  was  scaled  to  a 
1(X)%  model  that  defeats  a  6.3  mm  particle). 

For  V  >  6.5/(cos  0)2/3; 

dc=  2.4  (twpw)2^^Pp'‘'^pA  ''^(V  cos  0)-2/3sl/3  (0/40)1/3  (20) 

For  2.7/(cos  0)0  5  <  V  <  6.5/(cos  0)2/3; 

dc  =  1.031  pp-0  5  [t^  (o/40)0  5  +  0.37  mb!  (cos  0)H/3-M 
l(6.5/(cos  0)2/3  -  V)/(6.5/(cos  0)2/3  -  2.7/(cos  0)®  5)] 

+  0.689  (tw  pw)^/^  Pp  ‘/^  PA'*^  (cos  0)-2/9  sl/3  (o/40)l/3 
((V  -  2.7/(cos  0)O-5)/(6.5/(cos  0)2/3  -  2.7/(cos  0)0  5)] 


(21) 
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For  V  5  2.7/(cos  0)°  5; 

dc  =  2  [tw  (0/40)0-5  +  0.37  mb]/[{cos  0)*  PpO-5  (22) 

where, 

X  =  7/3  when  0  <  45° 

X  =  2  when  0  >  45° 

mb  =  mN  +  tA  Pa  (N  =  Nextel  bumpers,  A  =  Aluminum  bumper) 

For  oblique  impact  angles  over  75°,  use  the  dc  calculated  at  75°;  i.e.,  for  0  >  75°: 
d^0>75  =  dc8=75 

Figure  7  shows  the  ballistic  limit  curves  for  a  hybrid  shield  with  the  san,c  layup  as  the  40%  scale  model 
(i.e.,  the  second  configuration  discussed  above). 
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Figure  7.  Hybrid  Nextel®/ Aluminum  MS  Ballistic  Limit  Curves:  Two  Nextel®  AF26  bumpers 
(0.043  g/cm^each),  1.9  cm  between  bumpers,  0.041  cm  A1 6061T6  third  bumper,  3.8  cm  spacing, 
0.08  cm  A1 6061T6  rear  wall,  7.6  cm  overall  spacing,  0.42  g/cm^  total 

SUTvlMARY  OF  ADVANTAGES  FOR  MULTI-BUMPER  SHIELDS 


Besides  improved  performance,  multi-l  umper  shields  (such  as  the  MS,  MDB,  and  hybrid  MS  shields) 
offer  a  number  of  advantages  over  conventional  Whipple  shields  that  are  not  completely  evident  from 
the  performance  and  design  equations  given  above,  including: 

(1)  Less  damaging  external  secondary  debris  (ejecta):  The  thin  Nextel®  bumpers  in  MS  shields,  and 
mesh  bumpers  in  MDB  shields,  generate  less  external  secondary  ejecta  in  oblique  impacts.  The 
secondaries  that  are  produced  are  flne  grained  and  result  in  little  damage  into  wimess  plates  compared  to 
Whipple  shields. 

(2)  More  efficient  at  converting  projectile's  initial  kinetic  energy  to  internal  thermal  energy:  Alme  et  al. 
(1991)  has  demonsuated  by  numerical  simulation  that  a  series  of  shocks  produced  by  multi-bumper 
shields  increases  the  heating  of  the  projectile  compared  to  the  single  shock  provided  in  impacts  with  the 
bumper  of  a  Whipple  shield. 

(3)  Less  sensitive  to  projectile  shape:  Multi-bumper  shields  are  less  prone  to  perforation  by  disks, 
cylinders  and  other  non-spherical  projectiles  than  Whipple  shields  because  the  multiple  shocks  disrupt 
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the  projectile  to  a  greater  extent.  Numerical  simulations  at  the  JSC  IHT-F  and  by  Williamsen  and  Tipton 
(1990)  support  thi.';  conclusion. 

(4)  Less  sensitive  to  oblique  impacts:  HVI  tests  and  the  equations  in  this  paper  indicate  that  oblique 
impacts  can  be  more  damaging  on  Whipple  shields  than  multi-bumper  shields.  Multiple  shocks  from 
multiple  bumpers  cause  greater  projectile  fragmentation  and  heating  than  a  single  bumper  Whipple 
shield,  which  suffers  from  less  projectile  fragmentation  in  oblique  impacts  (up  to  60°)  in  the  4-8  km/.sec 
range.  ALso,  multi-bumper  systems  have  sevc.al  layers  that  slow  the  expansion  of  the  debris  cloud 
before  it  collides  with  the  rear  wall,  whereas  the  Whipple  shield  has  no  intervening  bumpers  to  slow 
debris  cloud  expansion  (Boslough  et  al.,  1992).  This  reduction  in  the  debris  cloud  expansion  speed  is 
even  more  pronounced  in  oblique  impacts  on  multi-bumper  systems,  because  of  the  greater  spread  and 
increa.sed  bumper  contact  area  as  impact  obliquity  angle  incTeases. 

(5)  Less  cumulative  damage  to  the  shield's  rear  wall:  Over  time,  bumper  fragments  from  numerous 
small  strikes  wilt  crater  and  damage  the  rear  wall  of  a  Whipple  shield  more  often  than  multi-bumper 
systems.  The  outer  bumpers  of  the  Whipple  and  multi-bumper  shields  will  be  perforated  and  spalled  by 
relatively  small  particles.  In  multi-bumper  shields,  the  intermediate  layers  of  the  shield  stop  bumper 
fragments  from  impacting  and  damaging  the  rear  wall;  whereas,  the  Whipple  shield  has  no  such 
protection.  This  can  be  a  maintenance/inspection  consideration  for  long  duration  spacecraft. 

CONCLUSIONS 

This  paper  gives  sizing  and  ballistic  limit  equations  that  are  applicable  for  a  variety  of  spacecraft 
materials  and  shielding  systems.  Data  and  analyses  supporting  these  equations  were  discussed  (also  see 
references  to  Christiansen,  Cour-Palais  and  Crews).  Tests  and  analyses  on  these  and  other  promising 
shielding  systems  are  continuing  at  the  JSC  Hypervclocity  Impact  Test  Facility  (IHT-F)  and  the.se 
equations  will  continue  to  evolve. 
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ABSTRACT 

Hypervelocity  impact  (HV  tests  have  been  conducted  at  the  JSC  Hypervelocity  Impact  Test  Facility 
(HIT-F)  with  aluminum  projectiles  impacting  semi-inflnite  (thick)  and  thin  aluminum  plates  (with  plate 
thickness  to  projectile  diameter  ratios  of  6.4  and  0.14,  respectively)  at  impact  angles  ranging  from 
normal  to  the  plate  (0°)  to  highly  oblique  (88°).  The  targets  were  impacted  by  solid  homogeneous 
aluminum  spheres  from  1  mm  to  3.6  mm  diameter.  Results  of  the  HVI  tests  were  not  unusual  up  to 
~65°,  where  impact  damage  is  characterized  as  smooth  craters  and  holes  that  become  progressively 
elliptical  and  distended  along  the  projectile  flight  path.  Above  65°  angles,  however,  a  transition  occurs 
to  an  irregularly  shaped  hole  in  thin  materials  and  rough  bottomed  crater  in  thick  targets.  Above  -80°, 
multiple  damage  sites  in  the  targets  were  formed  with  the  damage  areas  separated  by  variable  distances 
of  undamaged  target  surface.  Analytical  and  numerical  simulations  of  the  impact  process  at  oblique 
angles  above  65°  demonstrates  that  shock  compression  and  release  of  the  projectile  into  multiple 
fragments  occurs  before  the  projectile  fully  engages  the  target  The  resulting  projectile  fragments  are 
then  responsible  for  the  multiple  impact  sites  observed  on  the  targets. 

NOMENCLATURE 

C  Speed  of  sound  in  target  (km/sec) 

d  projectile  diameter  (cm) 

p  density  (g/cm^) 

H  Brinell  hardness  of  target  (BHN) 

P  penetration  depth  (cm) 

t  thickness  (cm) 

0  impact  angle  (deg)  measured  from  surface  normal 
V  projectile  velocity  (km/sec) 

Vn  normal  component  of  proj.  velocity  (km/sec)  =  V  cos  0 
INTRODUCTION 

Oblique  impact  studies  into  thick  monolithic  and  thin  bumper  shield  targets  have  been  reported  in  the 
past  ^ichelberger  and  Gehring,  1962;  Schonberg,  1989).  In  addition,  considerable  work  has  been  done 
to  assess  the  effects  of  oblique  impacts  on  a  planetary  scale  through  laboratory  testing  (Gault  and 
Wedekind,  1978;  Schultz  and  Gault,  1989;  Schultz  and  Gault,  1990;  Schultz  and  Beatty,  1992;  Schultz 
and  Lianza,  1992).  This  paper  provides  additional  investigation  of  the  physics  and  phenomenology  of 
oblique  impacts.  These  results  are  relevant  to  current  spacecraft  programs.  For  instance,  a  portion  of  the 
hypervclocity  impact  craters  found  on  the  LDEF  (Long  Duration  Exposure  Facility)  satellite  aluminum 
surfaces  showed  a  pronounced  multiple-crater  morphology.  An  explanation  offered  for  these  multi¬ 
crater  impact  features  is  that  the  impacting  particle  was  non-homogeneous;  possibly  a  meteoroid 
consisting  of  a  lightly-bound  collection  of  individual  particles  (See  et  al.,  1990).  In  this  paper,  we  will 
show  that  a  homogeneous  projectile  impacting  at  a  highly  oblique  angle  (>65°)  can  also  cause  an 
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irregular,  multiple-pit  crater.  In  a  highly  oblique  impact,  the  initial  shock  wave  can  travel  through  the 
projectile  causing  the  projectile  to  fragment  before  it  has  completely  impacted  the  target  material.  The 
resulting  crater  in  a  thick  target,  or  hole  in  a  thin  target,  will  be  irregular  and  can  show  multiple  impact 
sites.  These  results  support  the  results  previously  observed  and  reported  by  Gault  and  Wedekind  (1978), 
Schultz  and  Gault  (1990)  and  Schultz  and  Lianza  (1992),  especially  for  planetary  cratering. 

In  addition,  the  results  of  our  testing  and  analysis  {wovide  an  explanation  for  the  "critical  angle"  observed 
in  the  oblique  impact  experiments  on  thin  bumper  shield  plates  by  Schonberg  (1989).  Schonberg  found 
that  for  impacts  at  angles  above  the  critical  angle  (60°-65°),  impact  damage  occurred  primarily  to 
external  ejecta  witness  plates  rather  then  the  pressure  wall  plate  mounted  behind  the  bumper  plate. 
However,  analytical  models  of  the  process  were  not  advanced.  In  this  paper,  we  show  analytically  that 
in  highly  oblique  impacts  (above  ~65°  at  6  km/sec  and  -70°  at  7  km/sec)  the  projectile  will  fragment 
first  from  the  propagation  of  the  initial  shock  front  before  the  projectile  has  traveled  completely  through 
the  bumper.  The  remaining  projectile  fragments  from  the  top  of  the  projectile  are  shocked  a  second  time 
as  they  contact  the  bumper.  At  these  high  obliquity  angles,  some  of  the  remaining  projectile  fragments 
cannot  penetrate  through  the  bumper,  and  instead  are  projected  along  the  exterior  surface  of  the  bumper 
plate.  These  effects  combine  to  substantially  reduce  the  impact  damage  on  the  pressure  wall  as  observed 
by  Schonberg  (1989)  for  high  obliquity  impacts. 

EXPERIMENTAL  DESIGN 

A  series  of  HVI  tests  were  performed  at  the  NASA  Johnson  Space  Center  (JSC)  Hypervelocity  Impact 
Test  Facility  (HIT-F)  to  study  oblique  impacts  on  semi-infinite  (thick)  and  thin  aluminum  plates.  The 
HIT-F’s  .07  caliber  and  .17  caliber  light-gas  guns  were  used  in  the  study.  The  HlT-F  is  described  in 
detail  elsewhere  (Crews  and  Christiansen,  1992). 

Definition  of  "Thin"  and  "Thick" 

Projectiles  were  solid  aluminum  (2017-T4  alloy)  spheres  as  were  the  targets  (6061-T6  alloy).  The  speed 
of  the  projectiles  was  maintained  between  6.5  and  7  km/sec  in  18  tests  on  semi-infinite  targets.  A  6.4 
mm  aluminum  6061-T6  plate  was  used  as  the  "thick"  target  and  the  projectiles  were  1  mm  diameter 
spheres  (t/d=6.4).  Impact  angles  were  varied  from  0°  (normal  to  the  surface)  to  88°,  starting  with  coarse 
increments  at  the  low  obliquity  angles  and  making  finer  adjustments  in  impact  angle  at  the  more  oblique 
angles.  The  targets  were  adjusted  in  the  target  chamber  to  achieve  the  desired  angle  to  the  horizontal 
flight  path  of  the  projectile.  Impact  angles  were  measured  by  an  inclinometer  to  ±  0.5°.  In  addition,  10 
oblique  angle  tests  on  0.051  cm  aluminum  6061-T6  plates  were  conducted  to  characterize  perforation 
hole  size  and  shape  for  "thin"  plates.  Projectiles  were  0.357  cm  diameter  aluminum  2017-T4  spheres 
impacting  at  5.5  to  6.2  km/sec  (t/d=0. 14).  Impact  angles  of  60°  to  88°  were  investigated.  The  test  data 
is  given  elsewhere  (Christiansen,  1992b). 

EXPERIMENTAL  RESULTS 

Craters  were  formed  in  the  thick  plates,  whereas  the  thin  plates  were  perforated.  The  following 
paragraphs  describe  the  morphology  of  the  impact  damage  in  more  detail. 

Crater  Data 

The  photographs  in  Figure  1  show  the  craters  formed  by  6.5-7  km/sec  impacts  into  monolithic  aluminum 
plates  as  a  function  of  impact  angle.  Figure  If  shows  the  impact  site  resulting  from  a  1  mm  spherical 
aluminum  projectile  impacting  at  6.6  km/sec  into  the  aluminum  target  at  a  72°  impact  angle  (from 
normal).  The  crater  is  elliptical,  with  an  irregular  (non-smooth)  crater  floor.  Measurements  indicated 
the  deepest  part  of  the  crater  is  on  the  enU7  side.  There  are  a  few  small  secondary  craters  located  along 
the  projectile  flight  path,  down  range  from  the  main  crater  (greater  than  a  projectile  diameter  away). 
Schultz  and  Gault  (1990)  introduce  the  term  "sibling  craters"  to  distinguish  these  "secondary  craters" 
formed  by  fragments  of  the  original  projectile  from  secondary  cratering  caused  by  ejecta  following 
ballistic  trajectories.  In  addition,  dark  streaks  and  a  spray  of  molten  aluminum  is  found  on  the  surface  of 
the  target  for  many  projectile  diameters  downrange  of  the  impact  crater. 

Oaters  from  impacts  above  72°  have  a  more  pronounced  multi-crater  appearance  as  shown  by  Figures 
Ig  through  In.  The  main  crater  of  the  76°  impact  is  becoming  more  multi-pit  like  in  appearance  and  the 
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(a) :  JSC  Shot  2012,  0=0",  V=6.83  km/sec 

(b) :  JSC  Shot  1948,  0=30",  V=6.88  km/sec 

(c) :  JSC  Shot  1946,  0=45”,  V=6.93  km/sec 

(d) :  JSC  Shot  1947,  0=60”,  V=6.57  km/sec 

(e) :  JSC  Shot  1897,  0=70",  V=6.86  km/sec 
(0:  JSC  Shot  2095,  0=72”,  V=6.59  km/sec 

(g):  JSC  Shot  2093,  0=74”,  V=6.79  km/sec 


(h) :  JSC  Shot  2094,  0=76”,  V=6.62  km/sec 

(i) :  JSC  Shot  2072,  0=78”,  V=6.53  km/sec 
0);  JSC  Shot  2074,  0=80”,  V=6.60  km/sec 

(k) ;  JSC  Shot  2076,  0=82”,  V=t  79  km/sec 

(l) :  JSC  Shot  2077,  0=84”,  V=6.72  km/sec 

(m) :  JSC  Shot  2079,  0=86”.  V=6.94  km/sec 

(n) :  JSC  Shot  2084,  0=88”,  V=6.72  km/sec 
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Figure  1 .  Crater  from  a  1  mm  aluminum  sphere  impacting  at  6.5  to  7.0  km/sec 
on  monolithic  aluminum  6061 -T6.  Impact  direction  from  left  to  right. 
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down-range  sibling  craters  are  becoming  more  noticeable.  The  spray  of  dark  material  and  molten  metal 
observed  on  the  surface  of  the  target  increases  in  extent  as  the  impact  angle  becomes  more  oblique.A 
double  crater  is  formed  with  impaa  angles  of  82‘’-84®  (Figures  Ik  and  11).  The  deeper  of  the  two  craters 
switches  from  the  up-range  to  down-range  crater  for  the  84®  impact. 

Figure  2  shows  penetration  depth  decreasing  in  semi-infinite  targets  as  impact  angle  becomes  more 
oblique;  an  unsurprising  result  (Gebring,  1970).  The  data  indicates  that  for  a  normal  impact  at  ~7 
km/sec,  the  ratio  of  penetration  depth  to  projectile  diameter  (P/d)  is  ~2.1,  and  becomes  less  than  unity 
(i.e.,  P/d  <  1)  for  impact  angles  greater  than  65®. 

Experimental  and  predicted  penetration  depths  are  presented  in  Figure  3.  The  predictions  were  made 
using  the  Cour-Palais  (1987)  cratering  equation  which  had  been  derived  in  the  1960's  for  the  Apollo 
program.  The  Cour-Palais  equation  adequately  predicts  the  decreasing  trend  in  penetration  depth  with 
increasing  impact  obliquity.  It  sligbdy  underpredicts  penetration  depth  at  near  normal  (0®)  angles  (high 
Vn)  while  somewhat  overpredicting  penetration  depth  at  high  obliquity  angles  (low  Vn).  The  Cour- 
Palais  equation  used  here  (also  given  in  Christiansen,  1992a)  is  valid  for  aluminum  alloy  targets  and  for 
a  projectile  density  to  target  density  ratio  of  less  than  1.5  (Pp/pt  <  1.5).  Penetration  depth  into  a  semi- 
infinite  target  is: 


P«  =  5.24  dl9/18  h-0-25  (pp/p^O  5  (VnyC)2^  (1) 

If  there  is  attached  spall,  the  penetration  depth  is  greater  than  into  a  semi-infinite  target;  P  =  1.05  P» 
(only  the  normal  and  near  normal  impacts  showed  any  spall  bulging  in  this  study). 

The  ratio  of  total  damage  length  to  projectile  diameter  given  in  Figure  4  shows  that  for  impact  angles 
between  0®  and  65®,  the  damage  size  becomes  slightly  smaller  in  length  as  obliquity  increases.  This 
probably  reflects  the  decrease  in  the  energy  deposited  in  the  target  as  the  impact  becomes  more  oblique 
(i.e.,  lower  normal  component  kinetic  energy).  But  above  65®,  the  damage  length  begins  to  increase  with 
the  cratering  damage  stretching  out  to  well  over  10  times  the  projectile  diameter  at  angles  over  85®.  The 
ratio  of  damage  width  (or  diameter)  to  projectile  diameter  steadily  deaeases  as  impact  obliquity  angle 
increases  (Figure  5).  Figure  6  shows  that  the  aspect  ratio  of  the  craters  inaease  in  a  non-linear  fashion; 
that  is,  the  craters  become  longer  and  thinner  as  obliquity  increases,  with  the  most  significant  aspect  ratio 
changes  occurring  above  65®  impact  angles. 

Perforcuion  (Hole)  Data 

Figures  7a,  7b,  and  7c  show  the  irregular  hole  resulting  from  65®  (JSC  shot  no.  A1488),  80®  (JSC  shot 
no.  A1485)  and  85®  (JSC  shot  no.  A1486)  oblique  impacts  on  0.5  mm  thin  aluminum  plates.  The  tests 
were  performed  with  a  3.6  mm  aluminum  projectile  at  ~6  km/sec.  All  impacts  resulted  in  one  or  more 
perforations  in  the  target  plate.  The  target  plate  resembles  the  bumper  (or  first  sheet)  of  dual-sheet 
Whipple  meteoroid/debris  protection  shields.  The  edges  of  the  perforation  are  smooth  where  the 
projectile  initially  contacts  the  bumper,  but  become  more  irregular  and  ragged  as  the  projectile  moves 
through  the  bumper  (on  the  down-range  side  of  the  impact  hole).  This  is  because  the  projectile  has 
already  fragmented  from  transition  of  the  initial  shock  wave  prior  to  passing  across  the  plane  of  the 
bumper.  In  effect,  a  multi-shock  process  occurs  with  only  a  single  bumper  in  highly  oblique  impacts  on 
thin  materials.  This  multiple  shock  has  the  effect  of  increasing  the  thermal  state  of  the  projectile  above 
that  which  would  be  achieved  by  a  single  shock.  The  result  is  to  increase  the  possibility  diat  at  least  a 
portion  of  the  projectile  wil'  melt  In  all  thin  plate  oblique  impact  experiments,  molten  metal  and  darker 
looking  material  were  deposited  on  the  target  surface  in  a  fan-shaped  region  down-range  from  the 
projectile  impact  point 

The  thin  plate  perforations  followed  similar  trends  as  with  the  oblique  impacts  on  the  semi-infmite  plate. 
The  65®  impact  holes  were  slightly  irregular  in  shape  (Rgure  7a)  but  became  conspicuously  irregular  at 
80®  (Figure  7b),  and  a  double  perforation  was  formed  at  an  85°  impact  angle  (Figure  7c). 

ANALYTICAL  RESULTS 

Thick  Target  Simulation.  Hydrocode  simulations  of  JSC  shot  2074  (1  mm  aluminum  projectile  at  6.6 
km/sec  and  80®  obliquity  on  a  semi-infinite  aluminum  plate)  were  performed  by  the  JSC  HIT-F  using  the 
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Figure  2.  Impact  Angle  Effect  on  Penetration  Depth  for  1  mm  A1  projectile  impacting 

at  6.5-7  km/sec  into  AJ  6061-T6 


Figure  3.  Comparison  of  Experimental  Penetration  Depth  (Pexp)  and  Calculated  Penetration  Depth 

(Pcaic)  for  oblique  A1  into  A1  impacts 
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Figure  4.  Ratio  of  total  length  of  cratering  damage  to  projectile  diameter  (Lt/dp)  versus  impact  angle 

(for  A1  into  A1  impacts) 
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Figure  5.  Ratio  of  maximum  crater  diameter  to  projectile  diameter  (Dg/dp)  versus  impact  angle 

(for  Al  into  Al  impacts) 
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Figure  6.  Aspect  ratio  of  crater  damage  (total  lengtli  to  maximum  diameter  of  damage,  Lt/Dc) 

for  Al  into  Al  impacts 

CTH  Eulerian  code  from  Sandia  National  Laboratories  (McGlaun  et  al.,  1990)  and  ZeuS.  ZeuS  is  a 
Lagrangian  impact  analysis  code  with  sliding  interface  logic  developed  by  Computational  Mechanics 
Consultants  for  personal  computers  (Zukas,  1990).  Both  calculations  were  performed  in  a  two- 
dimensional,  plane  strain  mode  to  demonsu^ie  some  features  of  the  oblique  impact  process.  The  2-D 
calculations  are  approximations  of  the  3-D  oblique  impact,  and  are  essentially  of  an  infinite  length 
aluminum  cylinder  impacting  the  target,  with  the  cylinder’s  longitudinal  axis  oriented  in  the  third 
dimension. 

The  CTH  simulation  used  the  SNL-SESAME  Equation  of  State  (EOS)  tables  and  Steinberg-Guinan- 
Lund  viscoplastic  model.  The  Mie-Gruneisen  equation  of  state  was  used  to  model  the  high  pressure 
material  response  in  ZeuS.  In  the  ZeuS  code,  material  failure  modeling  is  based  on  effective  plastic 
strain,  volumetric  sU’ain,  and  maximum  tensile  stress  (spall  limit).  Material  yielding  is  simulated  with 
the  von  Mises  criterion  implemented  to  allow  for  strain  and  strain  rate  hardening,  as  well  as  pressure  and 
thermal  effects.  With  ZeuS,  the  user  generally  adjusts  some  of  the  dynamic  material  and  failure 
parameters  to  tune  the  model  results  to  the  experimental  observations  (after  which  the  "tuned"  model  is 
used  to  predict  results  outside  of  the  experimental  data  base). 

The  CTH  and  ZeuS  predictions  of  crater  depth  and  down-range  length  were  generally  close  to  each  other 
and  the  shot  2074  experimental  results: 
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A  series  of  Lagrangian  tracer  particles  were  employed  in  the  CTH  calculation  to  follow  stress  wave 
dynamics.  The  maximum  pressure  recorded  at  the  tracer  points  was  ~170  kbar  at  a  tracer  located 
initially  0.5  nun  from  the  initial  contact  point  at  the  original  surface  (compared  to  -880  kbar  for  a  normal 
impact  at  6.6  km/sec). 

The  ZeuS  results  of  the  simulation  are  illustrated  in  a  series  of  plots  contained  in  Figure  8  encompassing 
1522  computational  cycles  and  1  |isec  of  the  impact  event.  The  plots  are  read  from  top  to  bottom 
starting  on  the  left  side.  Each  plot  shows  nine  pressure  contours  in  units  of  dynes/cm^  ranging  from  the 
material  spall  limits  to  10^^  dynes/cm^  (1  Mbar).  The  plot  axes  are  in  units  of  centimeters.  The 
simulation  time  is  indicated  in  the  upper  left  hand  comer  of  each  plot  frame. 
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Figure  7  (a).  JSC  Shot  A1488:  3.6  mm  A1 
201 7T4  projectile  at  6  km/sec  and  65°  into  0.51 
mm  A1 6061T6  plate 


figure  7  (b).  JSC  Shot  A1485:  3.6  mm  A1 
2017T4  projectile  at  6.2  km/sec  and  80°  into 
0.51  mm  A1 6061T6  plate 
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Figure  7  (c).  JSC  Shot  A1486:  3.6  mm  A1  2017T4 
projectile  at  5.5  km/sec  and  85°  into  0.51  mm  A1 6061T6  plate 


Figure  8.  ZcuS  Hydrocode  Simulation  of  JSC  Shot  2074  (at  .09  |is,  .1 1  |is,  .6  (i-s,  lix.s  after  impact) 
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Figure  9.  /euS  llyilrwodc  Simulation  of  JSC  Shot  A1483  (at  .6  ps.  1  ps.  1.2  ps,  2  p.s  after  impact) 
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In  ihe  simulation  of  shot  2074,  the  compressive  wave  reaches  the  back  of  projectile  at  about  0.091  psec 
after  impact.  The  back  of  the  projectile  has  unloaded  from  the  initial  shock  at  0.1 1  psec  after  impact  and 
projectile  breakup  has  begun.  This  occurs  well  before  the  projectile  has  fully  engaged  the  target  and  the 
remnant  projectile  fragments  begin  to  form  a  second  crater  in  the  target  0.1 1  psec  after  impact  By  0.3 
psec  after  impact,  the  remnant  projectile  is  undergoing  a  second  compressive  shock  from  its  repeated 
contact  with  the  target.  This  second  shock  is  of  importance  in  determining  the  state  of  the  remnant 
projectile,  as  it  has  many  similarities  to  the  multiple  shock  strategy  applied  by  several  new,  improved 
shielding  techniques  such  as  the  Multi-Shock  Shield  (Cour-Palais  and  Crews,  1990).  Multiple  shocks 
have  been  shown  experimentally  (Cour-Palais  and  Crews,  1990;  Christiansen,  1990)  and 
computationally  (Alme  et  al.,  1991)  to  be  more  effective  at  elevating  the  thermal  state  of  the  projectile 
and  to  increase  the  extent  of  projectile  fragmentation.  The  hydrocode  calculations  indicate  that  multiple 
compression/release  cycles  of  the  projectile  are  possible  in  highly  oblique  impacts  which  contribute  to 
projectile  disruption  and  thermal  processing. 

In  the  ZeuS  calculation,  several  secondary  craters  have  developed  between  0.4  and  0.7  psec  after  impact. 
Parts  of  the  projectile  remain  intact  and  continue  to  move  with  a  velocity  vector  parallel  to  the  surface  of 
the  target  at  the  conclusion  of  the  calculation  at  1  psec.  The  calculation  matches  the  test  shot  in  general 
characteristics.  In  particular,  the  simulation  illustrates  how  multiple,  rough  bottom  craters  can  be 
generated  by  the  impact  of  a  single  projectile  into  a  thick  plate  target  at  an  oblique  impact  angle. 

Thin  Target  Impact  Simulations  (A1485).  The  perforation  length  in  the  CTH  simulation  of  A1485  is 
14.4  mm  at  5  psec  after  impact  compared  to  a  final  experimental  value  of  20.1  mm.  However,  the  CTTH 
perforation  was  still  increasing  when  the  simulation  was  terminated.  The  peak  pressure  is  125  kbar  1mm 
from  the  impact  point,  and  86  kbar  at  the  iniu:d  contact  point. 

The  results  of  ZeuS  simulation  of  thin  plate  test  number  A1485  impacted  at  80°  with  a  0.36  cm  particle 
are  displayed  in  Figure  9.  The  plots  illustrate  the  nressure  contours  in  the  projectile  and  target  up  to  2 
psec  after  impact.  The  initial  compressive  wave  reaches  the  back  of  the  projectile  about  0.6  psec  after 
impact  and  the  projectile  begins  to  fragment.  As  the  renmant  projectile  contacts  the  plate  again,  a  second 
shock  wave  is  initiated  in  the  projectile  between  1  and  1.2  psec  after  impact.  At  2  psec,  the  target  is 
perforated  and  a  portion  of  the  projectile  still  remains  intact  but  it  is  traveling  down-range  on  the  outside 
of  the  target.  If  the  thin  target  was  the  bumper  of  a  Whipple  shield,  most  of  the  material  in  the  debris 
cloud  traveling  toward  the  back  plate  of  the  shield  would  bumper  fragments. 

The  "external"  secondary  ejecta  is  composed  of  a  major  fraction  of  the  original  projectile  and  includes 
additional  bumper  (target)  material.  The  ZeuS  simulation  was  run  to  show  the  late  time  results  of  the 
secondary  ejecta  impacts  on  a  0.51  mm  aluminum  witness  plate  mounted  normal  to  the  bumper  (target) 
plate.  The  witness  plate  is  perforated  as  observed  in  the  experiment  at  22.5  psec  illustrating  the 
damaging  effects  of  secondary  ejecta  debris. 

Criteria  for  Formation  of  Multi-Craters  in  Oblique  Impacts 

The  experimental  evidence,  supported  by  numerical  calculations,  shows  that  multiple-crater  damage  can 
be  CTeated  by  a  single,  homogenous,  regularly  shaped  (e.g.,  spherical)  projectile  impacting  at  an  oblique 
angle.  A  criteria  is  required  that  can  be  used  to  define  the  impact  conditions  that  lead  to  the  creation  of 
multiple-  crater  damage  sites  instead  of  a  single  recognizable  crater.  The  criteria  offered  here  is  that  the 
creation  of  a  multi-crater  will  be  likely  when: 

(A)  the  impact  angle  is  oblique  enough  to  allow  time  for  the  initial  compressive  shock  wave  to  travel 
across  the  impacting  particle,  and: 

(B)  the  rarefaction  wave  has  time  to  travel  back  through  and  unload  sufficient  projectile  material 
(a.ssumed  here  when  the  rarefaction  nears  the  center  of  the  projectile)  to  cause  fragmentation  of  the  upper 
part  of  the  projectile,  before: 

(C)  the  center  of  the  projectile  has  traveled  to  the  original  surface  level  of  the  target. 

With  this  criteria,  a  curve  can  be  constructed  for  the  "critical"  impact  angle  as  a  function  of  impact  speed 
based  on  estimates  of  shock  wave  and  rarefaction  wave  speed  in  various  materials  of  various  thicknes.ses. 
Such  a  curve  is  plotted  in  Figure  10  that  defines  the  critical  impact  angle  above  which  oblique  impacts 
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Figure  10.  "Critical"  impact  angle  (deg)  above  which  oblique  impacts  form  multiple-crater  features 

(for  aluminum  into  aluminum  impacts) 


Figure  11.  Impact  on  LDEF  aluminum  surface  Figure  12.  Impact  on  LDEF  aluminum  surface 

(compliments  Zolensky,  M.,  1992;  See  et  al.,  (compliments  Zolensky,  M.,  1992;  See  et  al., 

1990)  1990) 


Figure  13.  Impact  on  LDEF  experiment-tray 
flange  (aluminum)  of  an  A0178  tray 
(compliments  Zolensky,  M.,  1992;  See  et  al., 
1990) 


Figure  14.  Messier  crater  (left)  and  Messier  A 
(right)  showing  topography  (Gault.  1974) 
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will  produce  a  multi-crater  for  aluminum  on  aluminum  impacts.  A  one-dimensional  shock  wave  analysis 
was  used  to  construct  the  curve  in  Figure  10.  although  it  is  recognized  to  be  a  rather  coarse 
approximation  given  the  complex  geometry  of  even  2-dimensional  problems.  The  formulas  of  Gehring 
(1970b)  for  shock  and  release  wave  speeds  were  used  in  the  1-D  analysis,  in  the  same  manner  they  had 
been  applied  to  previous  bumper  shield  analyses  (Christiansen,  1987). 

Figure  10  shows  that  as  impact  speed  increases,  the  impact  angle  must  become  more  oblique  to  see  any 
evidence  of  multi-crater  impact  damage.  Less  than  3  l^sec  impacts  should  not  be  considered  because 
speeds  less  than  3  km/sec  would  produce  weaker  shocks  that  may  be  insufficient  to  fragment  the 
projectile  (which  is  prerequisite  for  multi-crater  formation). 

Data  from  the  experimental  work  has  been  plotted  against  the  theoretical  curve.  The  HVI  data  indicates 
multi-craters  form  in  monolithic  targets  at  impact  angles  of  -72®  and  average  speed  of  -6.8  km/sec. 
This  point  falls  somewhat  above  the  theoretical  critical  angle  curve,  but  it  is  close  considering  the 
assumptions  in  the  1-D  analysis.  The  3.6  mm  impact  data  with  an  average  speed  of  -5.8  km/sec 
suggests  irregular  perforations  form  in  thin  targets  (an  indication  of  "multi-craters"  in  thick  targets)  at 
-65°.  This  point  fdls  very  nearly  on  the  theoretical  curve. 

EVIDENCE  OF  OBLIQUE  IMPACT  ON  EXPOSED  SPACE  SURFACES 

LDEF.  The  Long  Duration  Exposure  Facility  (LDEF)  satellite  was  returned  after  nearly  6  years  in  space 
with  a  large  collection  (>  5000)  of  ^  0.5  mm  diameter  craters  and  >  0.3  mm  diameter  perforations  on  its 
surface  as  reported  by  See  et  al.  (1990).  Some  of  the  LDEF  craters  display  unusual  morphologies  as 
evidenced  by  the  craters  in  Figures  11,  12,  and  13  which  show  strong  multi-crater  characteristics.  A 
possible  explanation  is  an  impact,  probably  at  an  oblique  angle,  from  a  friable  and/or  multi-grain 
aggregate  of  natural  (meteoroid)  particles  (See  et  al.,  1990L 

However,  this  study  has  indicated  another  possible  alternative;  an  impact  from  a  homogeneous  particle 
at  an  oblique  impact  angle  (that  lies  above  the  critical  impact  angle  versus  velocity  curve  in  Figure  10) 
which  CTeates  a  complex  multiple-crater  morphology.  For  reference,  the  LDEF  craters  in  Figures  1 1, 12, 
and  13  can  be  compared  with  craters  aeated  by  single,  solid  spherical  projectiles  impacting  at  74°  to  80° 
(and  -7  km/sec)  in  Figures  Ig,  Ih,  and  Ij. 

Lunar  Craters.  Various  lunar  craters  have  been  identified  by  Gault  and  Wedekind  (1978)  and  Schultz 
and  Gault  (1992)  as  likely  oblique  impact  candidates  including  the  craters  Messier  and  Messier  A 
(Figure  14).  Comparing  the  Messier  craters  to  the  double-crater  impacts  in  Figures  Ik  and  11,  supports 
the  view  that  a  single  impact  at  a  very  oblique  angle  created  both  craters;  either  by  a  particularly  slow 
meteoroid  (7-10  km/sec)  impacting  at  80°-85°,  or  a  faster  (20  km/sec)  impactor  at  >87°. 

CONCLUSIONS 

A  hypervelocity  impact  test  and  analysis  study  conducted  by  the  JSC  Hypervelocity  Impact  Test  Facility 
(HIT-F)  has  demonstrated  that  multiple  craters  can  be  produced  by  a  single,  solid,  spherical  projectile 
impacting  at  an  oblique  angle  (typically  greater  than  65°  at  6  km/sec).  A  criteria  was  developed  and 
applied  to  predict,  for  any  impact  speed,  the  critical  impact  angle  causing  impact  damage  with  a  multiple 
crater  morphology.  This  information  was  used  to  suggest  possible  alternative  sources  of  peculiar  multi¬ 
crater  features  found  on  the  Long  Duration  Exposure  Facility,  and  provides  an  explanation  for  the 
"critical  angle"  observations  obtained  from  thin  plate  penetration  experiments  (Schonberg,  1989). 
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MESH  DOUBLE-BUMPER  SHIELD:  A  LOW- WEIGHT  ALTERNATIVE  FOR 
SPACECRAFT  METEOROID  AND  ORBITAL  DEBRIS  PROTECTION 
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ABSTRACT 

A  number  of  new,  innovative,  low-weight  shielding  concepts  have  resulted  from  a  decade  of  research  at 
the  NASA  Johnson  Space  Center  (JSC)  Hypervelocity  Impact  Test  Facility  (HIT-F).  One  such  concept, 
the  mesh  doubie-bumper  (MDB)  shield  is  a  highly  efficient  method  to  provide  protection  from 
meteoroid  and  orbital  debris  impacts.  Hypervelocity  impact  (HVI)  testing  of  the  MDB  shield  at  the 
HIT-F  and  other  facilities  have  demonstrated  weight  savings  of  approximately  30%  to  50%  at  light  gas 
gun  velocities  compared  with  conventional  dual-sheet  aluminum  Whipple  shields  at  normal  impact 
angles.  Even  larger  weight  savings,  approximately  70%,  have  been  achieved  at  45  degree  oblique 
angles.  The  MDB  shield  was  developed  to  demonstrate  that  a  Whipple  shield  could  be  "augmented”  or 
modified  to  substantially  improve  protection  by  adding  a  mesh  a  short  distance  in  front  of  the  Whipple 
bumper  and  inserting  a  layer  of  high  strength  fabric  between  the  second  bumper  and  rear  wall.  From  the 
test  results,  formulas  have  been  developed  that  allow  the  design  engineer  to  size  MDB  shield  elements 
for  spacecraft  applications. 

GLOSSARY  OF  SYMBOLS  USED 

C  equation  coefficient 

d  diameter  (cm) 

dc  projectile  diameter  causing  failure  (cm) 
p  density  (g/cc) 
m  areal  density  (g/cm^) 

5  overall  spacing  between  outer  bumper  and  rear  wall  (cm) 

a  rear  wall  allowable  yield  suess  (ksi) 

t  thickness  (cm) 

6  impact  angle  measured  from  surface  normal  (deg) 

V  projectile  velocity  (km/sec) 

Vn  normal  component  of  projectile  velocity  (km/sec)  =  V  cos  9 

Sub.scripts:  b  bumpers  [first  &  second  bumper  in  mesh  double-bumper  shield] 

I  intermediate  fabric  layer  in  MDB  shield 
p  projectile 
w  rear  wall 


INTRODUCTION 

NASA  and  other  agencies  have  historically  constructed  spacecraft  with  requirements  for  protection  from 
meteoroid  impact  (NASA  SP-8042, 1970).  A  relatively  recent  design  consideration  has  been  the  growth 
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of  the  orbital  debris  environment  in  low  Earth  orbit  which  now  exceeds  the  natural  meteoroid 
environment  for  the  important  size  regime  of  panicle  diameters  greater  than  -1  nun  (NASA,  1991).  Due 
to  weight  constraints  on  spacecraft  designers,  there  is  a  need  for  higher  performance  shielding  concepts 
that  provide  greater  protection  for  less  weight  than  the  conventional  two-sheet  aluminum  Whipple 
shield. 

This  paper  describes  work  in  progress  on  characterizing  the  impact  protection  performance  of  an 
innovative  new  shield  concept:  the  Mesh  Double-Bumper  (MDB)  shield.  The  MDB  shield  is  one  of 
several  advanced  shielding  concepts  that  have  resulted  from  research  at  the  NASA  JSC  Hypervelocity 
Impact  Test  Facility  (IIIT-F).  Weight  reductions  of  30%  to  70%  for  equivalent  hypervelocity  impact 
protection  are  achieved  by  the  MDB  compared  to  conventional  dual-sheet  Whipple  shields. 
Hypervelocity  impact  (HVI)  tests,  supported  by  numerical  and  analytical  calculations,  have  been 
instrumental  in  developing  iie  optimum  MDB  shield  configuration.  Distinguishing  features  of  the  MDB 
are  the  combination  wire  mesh  and  continuous  sheet  double-bumper,  and  a  high-strength  fabric  layer  that 
reduces  particulate  impacts  and  impulsive  loading  on  the  rear  wall. 

The  MDB  shield  technology  indicates  that  the  protection  performance  of  a  Whipple  shield  can  be 
significantly  enhanced  by  adding  a  mesh  a  short  distance  in  front  of  the  standard  Whipple  bumper  and  by 
incorporating  a  fabric  layer  (of  Kevlar®,  Spectra®,  Nextel®  or  other  fabric)  in  front  of  the  rear  wall. 
The  mesh  bumper  provides  additional  benefits  as  well,  such  as  reduction  of  damaging  secondary  ejecta 
debris  (Crews  and  Christiansen,  1992). 

THE  MESH  DOUBLE-BUMPER  SHIELD 


The  mesh  double-bumper  (MDB)  shield  consists  of  a  spaced  array  of  four  distinct  layers  as  shown  in 
Figure  1:  (1)  wire  mesh  first  bumper,  (2)  continuous  second  bumper,  (3)  high-strength  fabric 
intermediate  layer,  and  (4)  a  back  plate  or  rear  wall.  Each  has  a  different  function  as  discussed  below. 
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Figure  1.  Mesh  Double-Bumper  Shield  (Chri.stian.scn,  1990) 


Wire  Mesh 

The  wire  mesh  bumper  provides  a  weight  efficient  method  of  breaking  up  the  projectile  into  smaller 
fragments  which  arc  subsequently  shocked  by  the  second  bumper.  The  mesh  is  composed  of 
overlapping  wires  in  a  square  pattern.  Where  the  wires  overlap,  the  mesh  thickness  to  projectile 
diameter  ratio  is  double  the  wire  to  projectile  diameter  ratio.  This  effectively  creates  localized  mesh 
areas  with  greater  bumper  thickness.  These  thick  areas  contribute  to  the  disruptive  forces  exerted  on  the 
projectile  by  increasing  the  shock  duration  in  the  projectile  du  ing  the  impact  event.  By  removing 
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"excess"  bumper  material,  the  mesh  bumper  is  as  capable  of  disrupting  a  projectile  as  a  heavier 
continuous  bumper. 

Based  on  evidence  from  high-speed  framing  camera  photography  provided  in  impact  tests  at  the  JSC 
HIT-F,  the  mesh  does  not  substantially  reduce  the  speed  of  fragments  resulting  from  the  initial  impact. 
Because  the  velocity  of  the  fragments  remains  high  ^ter  the  incident  panicle  breaks  up  on  the  mesh,  the 
second  bumper  is  more  effective  in  shocking  the  remaining  fragments  to  a  high  stress  level  that  will, 
upon  unloading,  cause  the  remnant  projectile  fragments  to  release  into  liquid,  vapor  or  finer  solid 
particles  that  are  less  penetrating  to  the  back  sheet  of  the  shield. 

Less  damaging  secondary  ejecta  (external  debris)  is  produced  by  the  MDB  shield,  with  its  relatively  thin 
outer  mesh  bumper,  compared  to  an  equivalent  performance  Whipple  shield.  Tesu  have  demonstrated 
that  secondary  ejecta  from  mesh  bumpers  consist  of  fine,  mist-like  particles  that  do  not  significantly 
damage  witness  plates  (Christiansen,  1987). 

Another  observation  from  the  impact  tests  is  that  the  fragmentation  of  the  projectile  on  a  wire  mesh  is 
more  dispersive  than  an  impact  into  the  same  areal  density  continuous  bumper  (Christiansen,  1987, 
1990).  Tlie  debris  cloud  exiting  from  a  wire  mesh  bumper  spreads  laterally  to  a  greater  extent  than  from 
the  same  weight  per  unit  area  continuous  bumper.  A  recent  research  study  (Horz  et  al.,  1992) 
substantiates  this  conclusion.  The  resulting  greater  spread  in  the  debris  cloud  reduces  performance 
degradation  at  smaller  bumper  standoffs.  This  translates  into  greater  weight  savings  for  the  MDB  shield 
as  overall  shield  standoff  distance  is  reduced,  compared  to  an  equivalent  performance  Whipple  shield. 

Second  Bumper 

The  piupose  of  the  second  bumper  is  to  produce  a  second  shock  in  the  projectile  fragments  produced 
from  impact  with  the  initial  mesh  bumper.  The  impacting  fragments  become  further  pulverized  after 
unloading  from  the  shock  on  the  second  bumper,  and  their  thermal  state  increases  which  can  melt  or 
vaporize  them.  The  second  bumper  is  a  continuous  sheet  that  is  sized  to  completely  shock  the  largest 
particle  in  the  debris  cloud  from  the  projectile  impact  on  the  mesh.  A  continuous  bumper  insures  that 
any  small  particles  passing  unhindered  through  the  first  mesh  are  disrupted  well  before  contacting  the 
intermediate  layer  and  rear  wall. 

Intermediate  Fabric  Layer  and  Back  Plate 

The  intermediate  fabric  layer  is  used  to  increase  shielding  performance  by  stopping  or  slowing  any 
remaining  solid  fragments  before  they  contact  the  back  plate.  In  addition,  the  febric  layer  slows  the 
expansion  of  the  debris  cloud  by  absorbing  energy  through  stretching  and  breaking  of  the  fabric  fibers, 
thereby  decreasing  the  momentum  loading  on  the  back  plate.  The  purpose  of  the  back  plate  (or  "rear 
wall")  is  to  resist  penetration  of  any  solid  fragments  and  react  the  impulsive  loading  from  the  debris 
cloud. 


EXPERIMENTAL  DESIGN  AND  RESULTS 

The  concept  of  using  a  mesh  as  a  bumper  material  for  shielding  has  been  investigated  since  the  early 
1980's  by  personnel  at  the  NASA  JSC  Hypervelocity  Impact  Test  Facility  (HIT-F).  Numerous  tests 
were  performed  on  wire  mesh  bumper  systems  before  the  MDB  shield  design  was  perfected 
(Christiansen,  1987;  Crews  and  Christiansen,  1992).  The  MDB  shield  has  performance  characteristics 
comparable  to  the  Multi-Shock  (MS)  Shield  described  by  Cour-Palais  and  Crews  (1990). 

Testing  of  the  MDB  concept  occurred  in  several  distinct  phases:  (1)  research  testing  to  select  and 
optimize  the  materials,  spacings,  and  weight  distribution  between  the  different  shield  layers,  (2)  scaling 
studies  to  assess  thicknesses  of  the  various  shield  elements  as  a  function  of  projectile  impact  conditions 
(size,  velocity,  etc.),  and  (3)  development  testing  to  derive  equations  for  predicting  overall  MDB  shield 
performance  as  a  function  of  impact  velocity,  impact  angle,  and  projectile  density. 
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MDB  Optimization  and  Scaling  Studies 

Results  of  the  MDB  optimization  studies  using  0.32  cm  diameter  aluminum  projectiles  have  been 
reported  by  Christiansen  (1987,  1990).  This  work  has  been  extended  to  scaling  up  the  MDB  shield 
concept  to  0.64  cm,  0.79  cm,  and  0.95  cm  diameter  aluminum  projectiles.  Scaling  equations  were 
developed  (reported  later  in  this  paper)  and  verified  in  the  scale-up  studies. 

Spacing  between  first  and  second  bumper  is  a  key  variable  that  was  evaluated  in  the  impact  testing.  It  is 
desirable  to  keep  the  first  and  second  intra-bumper  spacing  as  small  as  possible  to  allow  the  greatest 
expansion  in  the  debris  cloud  that  exits  the  second  bumper  before  impact  with  the  back  plate.  However, 
spacing  is  required  between  bumpers  to  allow  sufficient  material  contact  with  the  second  bumper  to  fully 
shock  the  debris  fragments.  The  minimum  weight  MDB  configuration  was  found  when  first  to  second 
bumper  spacing  was  3  to  4  times  the  projectile  diameter  (Christiansen,  1990, 1992). 

Hydrocode  calculations  show  residual  stresses  cause  further  flattening  of  the  projectile  fragments  as  they 
travel  from  first  bumper  to  second  bumper  (Alme,  1991).  The  change  in  aspect  ratio  of  the  fragments  (to 
thinner,  more  disk  like  shapes)  is  an  advantage  upon  impact  with  the  second  bumper,  allowing  a  thinner 
second  bumper  to  fully  shock  the  fragments. 

The  optimization  studies  investigated  the  required  mesh  areal  density  and  mesh  geometry  parameters. 
Figure  2  shows  some  of  the  aluminum  mesh  types  used  in  the  study.  The  mesh  is  composed  of 
overlapping  wires  in  a  square  pattern  with  a  wire  diameter  to  projectile  diameter  ratio  of  from  0.07  to 
0.10.  Generally,  from  4  to  6  wires  are  "cut"  by  the  diameter  of  the  projectile.  Open  area  of  the  meshes 
varies  from  20%  to  40%.  Since  a  fine  mesh  is  used,  small  projectiles  passing  unhindered  through  the 
mesh  are  easily  defeated  by  remaining  shield  elements. 

Aluminum  meshes  have  been  extensively  tested  since  they  are  effective  against  orbital  debris  which  until 
1991  has  been  defined  as  having  the  density  of  aluminum  (NASA,  1991).  However,  some  tests  have 
been  performed  with  steel  projectiles  on  steel  meshes  and  fabrics.  Tests  with  higher  density  projectiles 
were  conducted  since  they  may  be  included  in  future  debris  environment  definitions.  It  has  been  found 
that  a  higher  density  mesh  bumper  is  more  effective  against  higher  density  impacting  projectiles. 
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Figure  2.  Aluminum  Mesh  Types  Evaluated  in  HVI  Tests 
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Different  materials  for  the  second  bumper  were  evaluated  analytically  and  experimentally  (Christiansen, 
1990),  including  various  aluminum  aJloys,  graphite-epoxy,  and  Nextcl®  ceramic  fabric.  Although 
graphite-epoxy  and  Nextel®  performed  as  well  or  better  than  aluminum,  aluminum  (6061  alloy)  was 
used  for  the  second  bumper  in  the  later  development  testing  because  the  emphasis  was  on  methods  to 
upgrade  the  protection  of  typical  Whipple  shield  designs.  A  series  of  flash  X-ray  photographs  in  Figure 
3  from  the  University  of  Dayton  Research  Institute  (UDRl)  shows  a  0.95  cm  duminum  impact  at  6.8 
km/sec  on  the  first  two  sheets  of  a  mesh  double-bumper.  After  impact  with  the  mesh,  the  remnant 
projectile  is  fractured  and  flattened.  Also  of  note  are  precursor  "Jets"  of  very  fine  material  that  correlate 
with  the  gaps  between  the  mesh  wires.  The  projectile  fragments  are  totally  broken  up  into  a  cloud  of 
very  fine  particles  after  impacting  the  second  continuous  bumper  sheet. 

Location  of  the  intermediate  fabric  layer  is  a  significant  parameter  influencing  the  effectiveness  of  the 
MDB  shield.  The  optimum  fabric  layer  location  is  dictated  by  mounting  as  far  from  the  bumpers  as 
possible  to  attain  the  maximum  debris  cloud  expansion  while  allowing  sufficient  clear  space  to  insure  the 
cloth  fibers  stretch  and  tear  to  slow  the  debris  cloud  velocity  before  contacting  the  rear  wall.  Testing 
showed  greater  impulsive  loading  damage  occurred  to  the  back  plate  if  the  fabric  layer  was  mounted 
directly  to  the  back  plate  surface  (Christiansen,  1990).  It  was  found  that  the  optimum  location  for  the 
cloth  layer  was  at  a  short  distance,  approximately  3  to  4  times  the  projectile  diameter,  from  the  back 
plate. 

A  number  of  different  types  of  fabric  materials  were  considered  for  the  intermediate  cloth  layer.  Impact 
tests  were  u.sed  to  evaluate  Kevlar®  and  Spectra®  intermediate  layers,  primarily  because  they  have  high 
sU'ength  to  weight  ratios  giving  tfiem  excellent  ability  to  absorb  energy.  Kevlar®  is  a  DuPont  product 
made  from  aramid  fibers  while  Spectra®  is  a  high  modulus  polyethylene  fabric  produced  by  Allied 
Signal.  Nextel®  312  (made  by  3M)  ceramic  cloth  was  also  tested  because  it  has  go^  high-temperature 
strength  characteristics.  Spectra®  900  and  Kevlar®  29  fabrics  performed  somewhat  better  than  Nextel® 
312  cloth,  although  all  fabrics  increased  shielding  performance  over  not  having  a  fabric  layer  and  adding 
the  equivalent  mass  of  the  fabric  to  the  back  plate. 


Figure  3.  UDRl  flash  X-ray  .scries  of  1  cm,  6.8  km/scc  aluminum  impact  on  a 
mesh  double-bumper  shield  (Mesh  Type  D) 


1^4 


I-  1.  C'ilKlSIlWsI  \  aiKl  J  KtKH 


Alternative  back  plate  materials  and  configurations,  such  as  laminates,  honeycomb,  composites  and 
fabrics,  have  been  tested  and  could  potentially  provide  more  protection  for  less  weight  than  aluminum 
alloys. 

Figure  4  shows  typical  results  of  a  hypervelocity  impact  test  (JSC  Shot  No.  A963)  on  an  aluminum  mesh 
double-bumper  system  using  a  type  B  mesh  (see  Figure  2).  The  projectile  was  a  3.2  mm  aluminum 
sphere  impacting  at  6.35  kmJsec  normal  to  the  shield.  This  particular  test  was  evaluating  small 
standoffs,  with  a  5  cm  total  spacing  used  in  this  test  (S/d  =  16).  Spectra®  900  cloth  (2  layers  of  Style 
618  fabric)  was  used  in  the  intermediate  layer  (0.056  g/cm^).  No  perforations  or  detached  spall  occurred 
to  the  0.08  cm  A1  2024-T3  back  plate,  which  was  permanently  deformed  and  bulged  by  a  purely 
impulsive  load.  No  cratering  from  solid  fragments  was  evident  on  the  back  plate.  The  total  areal  density 
of  this  MDB  shield  is  0.41  g/cm^-  This  weight  is  -60%  less  than  an  aluminum  Whipple  shield  providing 
equivalent  protection  (no  penetration  or  spall)  with  the  same  standoff  (1.1  g/cm^).  For  this  threat  case 
(0.32  cm  aluminum  with  S/d=16),  the  MDB  shield  shows  a  slight  improvement  over  the  0.525  g/cm^ 
Nextel®  MS  shield  with  a  5  cm  total  spacing  reported  by  Cour-Palais  and  Crews  (1990).  Impact  testing 
at  the  JSC  HIT-F  has  shown  that  a  double  bumper  system  with  a  mesh  outer  bumper  exhibits  superior 
performance  over  the  same  weight  double  bumper  consisting  of  two  continuous  aluminum  sheets 
(Christiansen,  1990). 
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a)  Double-Bumper  Front  b)  Intermediate  Layer  and  Wall  Front 

Projectile:  0.32  cm  A1  2017T4,  6.35  km/sec,  0“ 

Target:  Mesh  Typw  B  first  bumper  (0.03  cm  wire  diameter).  0.03  cm  A1  6061  second  bumper,  0.056  g/cm^ 
Sfwctra®  900  Layer  (2  Style  618  fabric),  0.08  cm  A1  2024T3  rear  wall,  5.08  cm  overall  spacing 

Figure  4.  JSC  HIT-F  Shot  No.  A963;  Performance  of  MDB  Shield  with  5  cm  overall  spacing 

against  0.32  cm  A1  projectile. 

Figure  5  demonstrates  a  scaled-up  mesh  double-bumper  that  was  tested  with  a  7.9  mm  diameter 
aluminum  (2017T4)  projectile  at  7.43  km/sec  (JSC  Shot  No.  B135).  For  this  test,  a  type  A  mesh  was 
u.scd  (I'igure  2)  for  the  first  bumper  and  five  sheets  of  Kevlar®  29  fabric  (style  710)  with  an  areal  density 
of  0.16  g/cTn^  was  used  for  the  intermediate  layer.  The  Kevlar®  was  securely  mounted  to  a  rigid  frame 
located  3.8  cm  in  front  of  the  back  plate.  Overall  spacing  from  first  bumper  to  back  plate  was  25.4  cm. 
Total  shield  areal  density  for  this  MDB  configuration  was  0.766  g/cm^.  In  comparison,  a  Whipple  shield 
with  25.4  cm  .spacing  would  weigh  1.3  g/cm^  to  provide  similar  protection  (Christiansen,  1992). 

Development  Testing 

Development  testing  concentrated  on  .specific  MDB  configurations  to  derive  MDB  shield  sizing 
fomulas  and  performance  assessment  equations  suitable  for  .spacecraft  shield  design  application.  In 
particular,  MDB  shield  performance  as  a  function  of  projectile  size,  impact  velocity,  density,  and  impact 
angle  was  as.se.sscd.  The  basis  of  the  testing  was  a  MDB  configuration  with  an  aluminum  mesh  bumper, 
A1  6061  second  bumper,  Kevlar®  49  and  Spectra®  fabric  intermediate  layers,  and  aluminum  alloy  rear 
wall. 


Mi.'>h  aiiJ  SccotiJ  naiiiix-r  (friMit)  Kevljr  liik-nnaJialL-  I-j\cr.iiKi  B.kI.  I’Kitc  (tij^k) 

I’nijectile.  0  7‘»  i.in  A1  2024  lA.  7  4  <  kiii/MV,  0° 

r,iii;cl  'l\]v  A  ^;r^t  bumivr  (0.024  lid  wire  Jiainclcr).  O.OS  cm  Al  (lOOri'O  secciid  IniiniK'r.  0  lf>  f;,'cm‘ 

KcvLii  2')  l.ayct  ( .“i  Style  710  fabric  i.  0  127  uii  Al  2024  lA  rear  wall,  2.S.4  cm  overall  .spacing; 

I  i>;ua'  .S  J.S('  111  1-1-  Shoi  No.  D  1.4.S:  IVrlormancc  of  MDB  ShiclJ  wiiJi  2.*;  cm  overall  .spacing 

against  0.7')  cm  Al  projectile. 

Over  UK)  tests  on  shiekls  utili/ing  wire  mesh  bumpers  have  been  perlormetJ.  Table  1  lists  selected 
hy|x.'rvekKity  impaci  data  on  MDR  shiekls  from  the  research  and  development  testing.  The  criteria  for 
shiekling  success  m  these  tests  was  no  pc'rloratiou  or  detached  spall  from  the  rear  wall  of  the  shield 
protection  system.  Dam.ige  to  tJie  re.ir  wall  ol  the  M13B  was  classilied  wiih  tiie  damage  classil'ication 
system  promulgated  by  Dahl  atid  ('our-Balais  ( I'Ol )  as  given  by  Uie  "Damage  (’lass"  column  in  Table  1. 
Development  tests  were  performed  prmuu-ily  at  Uic  JS('  llTT-1-  using  spherical  projectiles  up  to  ~X 
ktu,'.sec,  tilthough  other  facilities  w  ere  utilized  to  supplement  the  required  te.st  data  (I'niveisity  of  Das  ton 
Research  lustuine  and  Sandia  National  l.alHiratory ).  Although  die  test  velocities  represent  only  ~25'7  of 
the  debris  direat.  die  ll\'l  data  includes  the  more  damaging  low  selocity  impacts  for  diese  particuku" 
shields  (typically  2-.4  km/sec)  and  therefore  rejircsents  a  higher  [Krcentage  of  die  penetrating  llu.x 
(Christiansen  et  al  .  l')')2). 

ANAI  A  SkS  AM)  DISCI  SSION 

Ihe  equations  m  this  pajX'r  are  presented  in  two  piats;  (1)  sizing  equations  to  determine  preliminary 
estimates  ol  shiekling  diickncsscs  and  weights,  and  (2)  ballistic  limit  equations  that  del'nie  the  impact 
coiulitions  causing  shield  lailnre  ((vrloration  or  detached  spall). 

Shiclil  Sinrii;  •ns 

llie  tollowmg  caiuatiiiiis  ha\e  been  nuHlilied  slightly  Irom  tliose  given  presioiislv  (Clirrstiansen,  !')')()). 
i  hcse  equations  have  been  develo[K'd  for  preliminary  shield  sizing  purposes  using  a  "design"  panicle 
ineduHl  (Christiansen.  l')')2).  .A  "design"  particle  (size,  average  impact  velocity  and  angle)  can  be 
determined  lor  each  sin  lace  of  a  shielded  element  fnini  probability  of  no-lailnre  requirements, 
meleori'id.  debris  eiiMronment  iikhIcIs.  surtace  area,  and  oiientatu'ii  considerations  The  bumper  and 
rear  wall  thicknesses  tor  each  surlace  can  tlien  Iv  calculated  from  equations  (I)  through  (‘'V  This 
simplilied  iiiclluHl  IS  uselul  lor  deriving  estmi.iles  of  sliickling  weights  and  for  pertorming  trade  studies. 
A  more  detailed  .ipjiio.nh  is  used  for  verilying  design  adequacy  by  extending  the  analysis  m  include  the 
lull  distribution  ol  meteoroid  .iiid  orbital  debris  impact  velocities  and  auelcs. 


Ike  mesh  ai c.il  deiisilv  Is  eiv  en  bv : 


JSC  Projectile  Impact  Intermediate  Back*  Wall  Overall  Total  Ar.  Wall  Damage 

Shot  Diameter  Vel.  Angle  Layer  Material  Wall  Mat'l  Thick  Spacing  Density  Damage  (P=Perforation, 

No.  (cm)  (km/sec)  (deg)  (#  of  sheets)  (cm)  (cm)  (g/cm^)  Class  S=Detached  Spall) 
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Table  1;  MDB  Hypervelocity  Impact  Test  Data 
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Type  D  Aluminum  5051  Mesh 

B203  0.635  7.25  0  Kevlar710(4)  A12024T3  0.102  20.30  0.719  F3  No  P  or  S.bulge 

4-1172(m)Ri)0.‘^53  6.65  0  Kevlar903(7)  A12024T3  0.180  30.48  1.084  F3  No  P  or  S,  s.  bulge 
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Where  Cm  can  range  from  0.035  to  0.057  without  changing  the  accuracy  of  the  following  equations.  The 
mesh  has  wires  in  a  square  pattern  with  a  wire  diameter  to  projectile  diameter  ratio  of  from  0.07  to  0.10. 
The  first  to  second  bumper  spacing  is  four  times  the  projectile  diameter:  Sj  =  4  d. 

The  second  bumper  is  a  continuous  aluminum  sheet  that  is  sized  by  the  following  equation: 

m2  =  0.093  d  pp  (2) 

A  high  strength  fabric  intermediate  layer  (Spectra®,  Kevlar®,  Nextel®,  etc.)  is  mounted  a  distance  of  S3 
=  4  d  in  front  of  the  rear  wall.  For  Spectra®  or  Kevlar®,  the  sizing  equation  is: 

mi  =  0.064  d  Pp  (3) 

If  Nextel®  is  used,  the  sizing  equation  is: 

mi  =  0.095  d  Pp  (4) 

The  rear  wall  sizing  equation  is: 

mw  =  9  M  Vn/S3/2  (40/o)0-5  (5) 

These  equations  can  be  applied  for  a  component  velocity  (V  x  cos'^^0)  of  greater  than  6.4  km/sec  and 
S/d  ratios  of  more  than  15.  31ie  wall  areal  density  calculated  by  (5)  is  based  on  the  ballistic  limit 
criterion  of  preventing  perforation  and  detached  spall. 

I'he  equations  are  valid  for  all  impact  angles.  Bumper  materials  are  ejected  normal  to  the  bumper  in 
oblique  impacts.  Bumper  panicles  from  oblique  impacts  on  a  wire  mesh  consist  of  fine  mist-like 
panicles  that  are  stopped  by  the  second  bumper.  Bumper  particles  from  the  second  bumper  are  stopped 
or  slowed  considerably  by  the  intermediate  fabric  layer  protecting  the  rear  wall.  On  the  other  hand, 
bumper  fragments  from  a  Whipple  shield  are  far  more  damaging  to  the  rear  wall  for  two  reasons:  (1)  an 
oblique  impact  on  the  bumper  of  the  Whipple  shield  produces  bumper  fragments  that  are  larger  and  more 
penetrating  than  from  the  thinner  MDB  bumpers  and  (2)  these  bumper  particles  can  impinge  direcUy  on 
the  rear  wall  of  the  Whipple  shield. 


Figure  6.  CALF  Simulation  of  impact  on  discontinuous  grid  (left)  and  continuous  bumper  (right) 
(Alme,  1991).  Impact  occurs  left  to  right.  Projectile  and  target  boundaries  are  outlined. 

Specific  energy  distribution  at  0.4  jis.  Scale  varies  linearly  from  zero  to  0.03  Mb-cc/g  on  left 

and  to  0.025  Mb-cc/g  on  right. 

For  applications  to  velocities  beyond  test  capabilities,  these  formulations  build  on  equations  originally 
developed  in  the  1960's  and  1970's  for  predicting  optimum  Whipple  shield  performance  against  11-72 
km/sec  meteoroid  threats  (Cour-Palais,  1969;  Cour-Palais  and  Crews,  1990).  JSC  HIT-F  applies 
additional  analysis  techniques  such  as  hydrodynamic  computer  codes  to  evaluate  the  velocity  scaling 
relations.  For  example.  Figure  6  shows  a  hydrocode  simulation  of  an  impact  into  equal  areal  density 
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continuous  and  discontinuous  bumpers.  This  impact  sequence  was  performed  with  the  CALE  hydrocode 
(Alme,  1991).  The  discontinuous  bumper  represents  a  50%  filled  wire  grid  (a  linear  pattern  of  square 
cross-section  wires),  with  a  wire  thickness  to  projectile  diameter  ratio  of  0.08.  The  pressure  contours 
after  0.35  |lsec  shows  that  localized  areas  of  the  projectile  impacting  the  grid  bumper  have  been  shocked 
to  somewhat  higher  pressures  than  the  continuous  bumper  because  the  duration  and  extent  of  the  shock 
wave  has  been  changed  by  mesh  geometry.  The  code  also  predicts  that  areas  of  the  projectile  that 
impacts  the  grid  have  a  20%  higher  thermal  energy  content  than  with  the  impact  on  the  continuous 
bumper  (Figure  6).  The  simulation  shows  "jets”  of  molten  material  form  in  the  gaps  of  the  grid.  The 
hydrocode  evaluations  of  the  MDB  are  still  in  progress. 

Ballistic  Limit  Equations 

The  following  ballistic  limit  equations  define  MDB  shield  performance  for  a  configuration  using  either 
Kevlar®  or  Spectra®  cloth  as  an  intermediate  layer,  and  aluminum  mesh  and  continuous  bumpers  and 
rear  wall.  The  equations  are  in  a  form  that  relates  critical  particle  diameter  with  impact  velocity,  impact 
angle,  particle  density,  and  target  parameters.  Impacts  larger  than  the  critical  particle  size  cause  shield 
failure  (i.e.,  perforation  or  detached  spall  of  the  rear  wall  of  the  hybrid  shield),  while  those  smaller  do 
not.  The  equations  are  consistent  with  the  equations  given  previously,  but  additional  equations  are  given 
to  cover  low  and  intermediate  impact  velocities. 

These  equations  predict  MDB  performance  across  the  full  range  of  impact  conditions  expected  on-orbit 
and  are  used  in  meteoroidydebris  probability  analyses,  such  as  BUMPER,  a  computer  program  that  is 
used  by  the  JSC  HIT-F  to  calculate  probabilities  of  meteoroid  and  debris  impact  damage  (Christiansen  et 
al.,  1992;  Crews  and  Chri.stiansen,  1992). 

For  V  >  6.4/(cos  6)*^: 


dc  =  0.6  (tw  Pw)'^  Pp'*^  (cos  0)-^^  (o/40)‘/6  (6) 

For  2.8/(cos  0)^  5  <  y  <  6.4/(cos  0)1/3; 

dc  =  1.11  pp-®'^  [tw  (0/40)0-5  +  0.37  (mb+mi)I  (cos  0)-^/3 
[(6.4/(cos  0)1/3  .  V)/(6.4/(cos  0)1/3  -  2.8/(cos  0)0-5)] 

+  0.323  (tw  Pw)‘/^  Pp‘‘/5  (cos  0)-2/9  S 1/2  (a/40)l/6 

[(V  -  2.8/(cos  0)O-5)/(6.4/(cos  0)1/3  -  2.8/(cos  0)0-5)]  (7) 


For  V  <  2.8/(cos  0)0  5: 

dc  =  2.2  [tw  (0/40)0-5  +  0.37  (mb+mi)]/[(cos  0)5/3  ppO.5  v2/3]  (g) 

An  application  of  these  equations  to  a  typical  MDB  shield  configuration  is  shown  in  Figure  7.  Figure  8 
shows  a  comparison  between  the  HVl  test  data  and  predicted  shielding  performance  using  (6)  through 
(8)  for  impact  tests  on  different  MDB  configurations. 

SUMMARY  AND  CONCLUSIONS 

The  impact  testing  and  analysis  work  at  the  JSC  HIT-F  has  resulted  in  an  alternative  low-weight 
shielding  concept  the  mesh  double-  bumper  shield.  MDB  shields  offer  -50%  weight  savings  compared 
to  conventional  Whipple  shields,  while  reducing  the  amount  of  damaging  secondary  ejecta  debris. 
Impact  performance  of  the  MDB  has  been  assessed  for  the  full  range  of  impact  conditions  assessable  in 
the  laboratory  (up  to  8  km/sec  and  at  normal  and  oblique  impact  angles).  Equations  have  been 
formulated  to  allow  designers  to  apply  the  MDB  concept  to  spacecraft  meteoroid/debris  protection. 
Aluminum  mesh  bumpers  offer  some  unique  advantages  in  augmenting  conventional  Whipple  shield 
meteoroid/debris  protection.  Work  to  date  indicates  that  the  addition  of  a  mesh  to  the  exterior  of 
equipment  items  protected  by  Whipple  shields  will  greatly  increase  their  resistance  to  penetration. 


Mesh  JoubU-  bum(vr  >hicKl 


Ballistic  protection  can  be  improved  even  more  if  an  intermediate  fabric  layer  (of  Kevlar®,  Spectra®,  or 
Nextel®)  is  attached  near,  but  not  on,  the  rear  wall. 


0.8  r  > 
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A1  mesh  .009"  wire,  AI6061-0,  (2)  Kevlar  or  Spectra,  S=10.16  cm,  .051  cm  AI2024T3 


(Shield  perforation  above  curves) 
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Figure  7.  Mesh  Double-Bumper  Shield  Ballistic  Limit  Curves 
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Figure  8.  Comparison  of  MDB  Shield  Predicted  Perfomance  with  HVI  Data 
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A  NOVEL  METHOD  FOR  LAUNCHING  FLYER  PLATES 

T.  COOPER 

SRI  Inlemational,  333  Ravenswood  Avenue,  Menlo  Park,  CA  94025 


ABSTRACT 


We  describe  a  potential  method  for  launching  flat  flyer  plates  by  using  explosives  in  complete  cylin¬ 
drical  convergence.  The  basic  problem  we  study  in  this  computational  analysis  is  how  to  turn  the 
cylindrically  convergent  shock  wave  from  the  explosive  into  a  flat  front  shock  wave  running  parallel  to 
the  cylinder  axis.  We  use  a  two-dimensional  Lagrangian  finite  difference  code  to  simulate  the  device. 
The  code  uses  a  free  Lagrange  method  for  dealing  with  mesh  distortions. 

The  calculations  predict  that  the  method  could  launch  relatively  flat  metal  plates  at  velocities  up  to 
14  km/s,  but  computational  uncertainties  make  experimental  verification  mandatory. 


INTRODUCTION 

Explosively-launched  high  velocity  flyer  plates  are  useful  for  high  pressure  equation-of-siate  measure¬ 
ments  and  other  applications.  However,  usual  designs  attain  plate  velocities  of  only  a  few  km/s.  This 
paper  addresses  the  problem  of  producing  plate  velocities  in  excess  of  10  km/s.  The  work  here  was 
inspired  by  a  Russian  design  communicated  by  Fortov  et  al.  (1990).  As  shown  in  Fig.  1,  the  Russian 
design  uses  a  hollow  cone  of  explosive  initiated  simultaneously  on  the  outside.  The  explosive  will  drive 
a  hollow  cone  of  copper  onto  a  solid  cone  of  copper.  The  Mach  stem  that  develops  in  the  solid  cone 
finally  impacts  an  aluminum  plate  at  the  base  of  the  solid  copper  cone.  The  Mach  stem  should  be  able  to 
throw  a  center  portion  of  the  aluminum  plate  as  a  Bat  plate,  the  Mach  stem  being  flat  itself  When  we 
tried  to  computationally  simulate  this  configuration  we  got  a  glob  of  aluminum  going  at  an  impressively 
high  velocity  of  10-15  km/s,  but  we  were  not  able  to  preserve  a  flat  plate.  The  problem  might  be  that  we 
did  not  do  the  calculation  with  sufficient  resolution  or  that  we  did  not  have  sufficient  detail  about  the 
design.  The  information  we  had  was  somewhat  meager.  If  a  flat  flyer  plate  cannot  be  produced,  the 
performance  is  not  attractive  since  Lcyrat  et  al.  (1991)  have  shown  that  one  can  throw  a  glob  of  material 
potentially  at  20-21  km/s  by  using  complete  cylindrical  convergence.  The  Russian  design  has  the 
deficiency  that  the  momentum  vector  of  the  explosive  is  not  completely  at  right  angles  to  the  cylinder 
axis.  The  configuration  by  Leyrat  et  al.  has  complete  convergence,  but  since  it  works  generally  like  a 
shaped-charge  device,  it  inherently  throws  a  glob  of  material.  Our  incremental  invention  is  to  use 
complete  cylindrical  convergence,  but  still  be  able  to  throw  a  flat  plate. 


FLYER  PLATE  DESIGN 

The  basic  configuration  is  shown  in  Fig.  2.  The  symmetry  is  cylindrical  with  the  Z  axis  the  axis  of 
symmetry.  We  have  a  circular  aluminum  plate,  then  a  cone  of  AI2O3,  outside  that  a  hollow  cylinder  of 
tungsten,  and  finally,  a  hollow  cylinder  of  high  explo.sive.  The  explosive  continues  out  to  a  radius  of 
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Fig.  2.  Configuration  for  throwing  a  flat 

Fig.  1 .  Russian  device  for  throwing  a  flat  aluminum  plate.  Cylinder  symmetry  with  2 
plate.  Cross  section  of  cylinder  symmetry.  the  axis  of  symmetry. 


7.5  cm  (not  shown  in  plot).  There  is  also  a  ring  of  tungsten  around  the  aluminum  plate  to  keep  the 
aluminum  from  expanding  radially.  The  upper  and  lower  boundaries  at  0  and  3.8  cm  are  symmeuy 
boundaries  to  simulate  confinement.  We  omitted  the  confinement  from  the  calculation  to  simplify 
things.  The  explosive  is  initiated  uniformly  at  the  outside  surface  at  7.5  cm  radius.  We  could  probably 
have  reduced  the  amount  of  explosive  needed  by  putting  confinement  on  this  boundary,  too.  The 
uniform  initiation  of  the  explosive  produces  a  cylindirically  convergent  detonation  wave  that  will  arrive 
simultaneously  all  along  the  tungsten/explosive  interface.  The  tungsten  cylinder  in  its  turn  will  start 
collapsing  radially  inward. 

When  the  wave  hits  the  Al203/tungstcn  interface  at  R  =  1  cm,  we  get  a  wave  converging  on  the  axis,  but 
we  also  get  a  wave  going  downward  in  the  Z  direction.  This  downward  wave  will  be  reinforced  when 
the  radial  shock  wave  in  the  AI2O3  is  reflected  at  the  cylinder  axis.  The  purpose  of  the  sloped  outside 
boundary  of  the  AI2O3  cone  is  to  time  the  closure  of  the  tungsten  cylinder  with  the  AI2O3  cone,  so  that 
the  dov  nward  wave  gcLs  side  support.  This  closure  point  must  move  vertically  with  a  speed  that  is  equal 
to  the  shock  wave  speed  of  the  vertical  wave  in  the  AI2O3.  The  radial  wave  in  the  AI2O3  will  bounce 
back  and  forth  between  the  cylinder  axis  and  the  tungsten,  gradually  equilibrating  the  wave  front  of  the 
vertical  wave  into  a  flat  front.  The  higher  the  wave  speed  in  the  cone  material,  the  faster  the  equili¬ 
bration  of  the  vertical  wave  front.  It  is  for  this  reason  that  we  chose  AI2O3:  it  has  an  unusually  high 
wave  speed,  starting  out  at  about  10  km/s  and  going  up  to  about  double  that  at  several  megabars. 

The  material  properties  for  the  solids  were  taken  from  the  Lawrence  Livermore  National  Laboratory 
(LLNL)  shock  compendia  (Van  Thiel,  1977).  The  equation  of  slate  is  a  Mie-Gruneisen  expression  with 
the  Hugoniot  as  the  reference  line.  The  Hugoniot  is  based  on  a  straight  line  Us-Up  fit.  The  material 
strength  is  modeled  as  a  simple  clastic-plastic  with  a  Von  Miscs  yield  model.  It  is  only  for  the  AI2O3 
that  the  material  strength  can  conceivably  have  any  importance.  For  the  AI2O3,  we  use  a  constant  shear 
modulus  of  1.6  Mbar  and  a  Von  Mi.scs  yield  of  0.1  Mbar.  The  explosive  in  all  cases  was  Comp-B  with  a 
.TWL  equation  of  stale.  When  it  comes  to  material  properties,  the  following  calculations  can  be  viewed 
only  as  feasibility  studies.  Actual  part  dimensions  must,  unfortunately,  be  determined  by  iterative 
experiments.  For  instance,  the  data  in  the  LLNL  shock  compendia  for  AI2O3  go  only  up  to  1.5  Mbar, 
while  in  the  calculation,  significant  pressure  peaks  go  up  to  3-4  Mbar. 

Let  us  first  look  at  what  parameters  we  can  vary.  For  a  given  radius  of  the  aluminum  plate,  we  can  vary 
the  thickness  of  the  explosive,  the  thickness  of  the  tungsten  cylinder,  and  the  thickness  (in  the  Z 
direction)  of  the  aluminum  plate.  We  must  also  vary  the  cone  angle  of  the  AI2O3  to  make  the  closure 
point  between  the  AI2O3  and  the  tungsten  move  at  the  same  speed  as  the  vertical  shock  wave  in  the 
AI2O3.  In  addition,  before  we  reached  the  present  stale  of  knowledge,  we  also  had  to  vary  the  materials 
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involved  10  fifurc  out  the  optimum  combination  of  materials.  Note  that  the  materials  we  have  chosen 
are  no  more  esoteric  or  expensive  than  those  feasible  for  use  in  real  experiments. 

The  explosive  thickness  will  intluence  the  inward  radial  velocity  of  the  tungsten  cylinder.  The  outside 
radius  we  used,  7.5  cm,  was  the  point  of  diminishing  return:  as  the  explosive  thickness  increases,  a 
further  increase  brings  less  and  less  increase  in  the  radial  velocity  of  the  tungsten.  In  retrospect,  we 
could  have  reduced  the  amount  of  explosive  by  putting  a  confining  cylinder  of  material  outside  the 
explosive.  No  material  can  give  perfect  confinement  in  a  real  experiment,  but  a  dense,  stiff  material  like 
steel  would  have  helped. 

For  the  tungsten  cylinder  (the  compression  cylinder),  we  must  recognize  that  the  pressure  driven  into  the 
AI2O3  increases  for  both  an  increase  in  the  radial  velocity  of  this  cylinder  and  an  increase  in  the  density 
of  the  cylinder.  At  the  same  time,  an  increase  in  density  will  decrease  the  radial  velocity.  The  radial 
velocity  of  the  compression  cylinder  will  determine  the  vertical  velocity  of  the  closure  point  for  a  given 
cone  angle.  We  can,  of  course,  compensate  for  an  increased  radial  velocity  by  tilting  the  cone  angle 
outward  so  as  to  keep  the  velocity  of  the  closure  point  the  same.  However,  there  are  limits  to  how  far  we 
can  tiil  the  cone.  Particularly,  the  bigger  the  cone  angle,  the  fewer  the  number  of  times  the  radial  wave 
in  the  cone  will  bounce  back  and  forth  before  the  vertical  wave  reaches  the  aluminum  plate.  It  is  this 
bouncing  back  and  forth  of  the  radial  wave  in  the  cone  that  flattens  out  the  vertical  wave  front.  For  this 
reason,  it  is  generally  favorable  to  increa.se  the  density  of  the  compression  cylinder.  The  Rankine- 
Hugoniot  equation 


a  =  poUsUp  (1) 

indicates  that,  for  the  same  shock  velocity  Us,  there  is  an  exact  trade-off  between  density  and  particle 
velocity.  In  reality,  shock  velocity  will  change  when  one  changes  the  material.  We  designed  one 
configuration  using  copper  in  the  compression  cyhnder  instead  of  tungsten.  We  say  design  because  one 
cannot  just  change  from  one  material  to  another.  One  must  also  change  the  cone  angle  of  the  AI2O3. 
We  found  that  the  velocity  of  the  aluminum  plate  was  lower  for  copper,  for  the  same  flatness  of  the 
plate.  We  always  strive  to  maintain  flatness  of  the  aluminum  plate  because  the  ability  to  throw  a  flat 
plate  is  the  main  advantage  claimed  for  the  present  device. 

For  the  cone,  there  was  only  one  choice  of  material:  some  high  wave  speed  ceramic.  One  could 
possibly  use  B4C  instead  of  AI2O3;  however,  the  data  for  that  material  indicate  that  its  constitutive 
relationship  has  a  somewhat  anomalous  behaviour.  One  thing  we  cannot  afford  in  a  complex  parameter 
variation  exercise  like  this  is  a  material  that  behaves  vastly  different  for  different  pressure  ranges.  That 
pretty  much  left  us  with  AI2O3.  It  is  relatively  well  characterized,  and  it  is  available  in  good  quality 
batches. 

We  tried  using  copper  for  the  cone  material.  For  any  reasonable  cone  angle,  the  radial  shock  did  not 
have  time  to  reverberate  even  once  before  the  vertical  shock  reached  the  aluminum  plate.  The  smaller 
(closer  to  a  straight  cylinder)  the  cone  angle,  the  more  time  available  for  radial  equilibration  of  the 
vertical  wave  in  the  cone.  The  problem  is  that,  for  a  given  radial  velocity  of  the  compression  cylinder, 
the  closure  point  moves  faster  and  faster  as  the  cone  angle  grows  smaller.  To  keep  the  closure  point 
velocity  the  same  as  the  vertical  shock  velocity  in  the  cone,  one  would  have  to  decrease  the  radial 
velocity  of  the  compression  cylinder  as  one  decreased  the  cone  angle.  This,  in  turn,  would  decrease  the 
pressure  in  the  cone,  thus  decreasing  the  plate  velocity. 

Time  did  not  permit  us  to  vary  the  thickness  of  the  aluminum  plate.  Up  to  a  certain  plate  thickness,  the 
velocity  of  the  aluminum  plate  will  tend  to  remain  constant.  TTiis  thickness  will  reasonably  relate  to  the 
pulse  width  of  the  vertical  shock  in  the  AI2O3.  There  are  two  problems  with  the  integrity  of  this  plate: 
the  radial  expansion  of  the  plate  and  spallation  in  the  vertical  direction.  The  radial  expansion  can 
probably  be  checked  by  putting  a  ring  of  protective  material  around  the  aluminum  plate.  The  tungsten 
ring  around  the  aluminum  plate  in  Fig.  2  was  not  successful.  We  will  look  at  a  more  successful  design 
below.  To  keep  the  plate  intact  from  vertical  .spallation,  it  will  probably  be  necessary  to  put  a  buffer 
between  the  plate  and  AI2O3  cone  so  as  to  load  the  plate  scmi-isentropically.  The  buffer,  however, 
might  decrease  the  velocity  of  the  plate. 
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THK  SIMULATIONS 

Wc  used  the  two-dimensional  Lagrangian  finite  difference  code  L2D  for  the  simulations  (Cooptcr,  1980). 
It  uses  a  so  called  free  Lagrange  rezoning  .scheme  to  deal  with  the  me.sh  distortions.  A  good  description 
of  the  method,  albeit  applied  to  incompressible  water  hydrodynamics,  can  be  found  in  Fritts  and  Boris 
(1979).  As  opposed  to  most  free  Lagrange  methods,  wc  use  quadrilaterals  rather  than  triangles.  It  turns 
out  to  be  perfectly  feasible  to  do  general  rezonings  on  quadrilateral  elements  as  long  as  you  allow 
combinations  of  quadrilaterals  and  triangles  to  solve  mesh  topological  problems.  Figure  3  shows  the 
initial  mesh  for  a  typical  simulation,  showing  that  wc  have  used  triangles  to  accommodate  the  sloping 
right  boundary  of  the  cone.  During  the  simulation,  triangles  will  be  created  when  rezoning  operations 
like  creation  or  deletion  of  nodes  are  done.  Then  a  kind  of  garbage  collector  will  sweep  the  mesh  and 
reduce  well-shaped  pairs  of  triangles  to  quadrilaterals.  The  result  of  the  operations  is  that  one  gets  a 
me.sh  dominated  by  quadrilaterals  with  a  .sprinkling  of  lone  triangles.  Figure  8  below  shows  an  example. 

We  try  to  minimize  the  nun^ber  of  triangles  for  two  reasons.  First,  a  triangular  mesh  has  roughly  double 
the  number  of  cells  that  a  quadilatcral  one  has.  Second,  a  badly  elongated  triangle  generates  unrealistic¬ 
ally  high  .stresses,  the  so-called  stiffness  effect  of  triangles.  With  continuous  rezoning,  the  triangles  will 
tend  to  stay  equilateral,  of  course,  but  code  skeptics  will  find  less  rca.son  to  criticize  the  calculation  if  the 
mesh  is  mainly  quadrilateral. 

As  shown  in  Fig.  3,  the  cells  in  the  tungsten  cylinder  and  in  the  explosive  have  2  -  1  aspect  ratios.  Wc 
did  this  to  save  mesh.  Wc  need  resolution  only  in  the  radial  direction  for  those  two  parts  (the  calculation 
is  one-dimensional  until  you  hit  the  AI2O3).  One  of  the  rezoning  criteria  is  cell  size.  This  will  make  the 
rezoner  strive  to  keep  the  cells  .square,  contradicting  our  mesh  layout.  In  the  first  place,  we  do  not  turn 
on  the  rezoner  until  the  .shock  wave  enters  the  AI2O3.  In  the  second  place,  the  rezoner  will  not  rezone  a 
quadrilateral  that  is  close  to  right  angle  even  if  it  has  an  as{)cct  ratio  different  from  1 . 

The  finite  difference  equations  arc  based  on  a  force-mass  method.  Instead  of  calculating  accelerations 
directly  from  stresses  and  densities,  wc  calculate  an  explicit  node  mass  that  remains  fixed  except  for 
rezonings.  On  every  timestep,  wc  calculate  a  net  force  on  the  node  by  integrating  the  stresses  into  forces 
with  a  spatial  contour  integral  around  the  node.  One  .simple  advantage  of  the  method  is  that  wc  can 
verify  conservation  of  momentum  directly.  A  good  description  of  the  method  is  found  in  Hancock 
(1976).  In  the  literature  they  often  call  it  a  finite  clement  method.  Hancock's  equations  arc  essentially 
the  same  as  the  DYNA2D  equations  (Goudreau  and  Hallquist,  1982). 


Tungsten  Cylinder  Configuration 

The  configuration  in  Fig.  2  is  the  one  wc  found  to  be  optimal,  given  aluminum  plate,  AI2O3  for  the  cone, 
and  tungsten  for  the  compression  cylinder.  The  variations  in  the  cell  sizes  in  Fig.  3  arc  designed  to  give 
roughly  constant  cell  transit  limes  for  a  wave.  The  simple  rule  for  matching  cell  sizes,  at  the  interface 
between  two  materials,  is  to  adjust  for  wave  velocity  so  that  you  get  equal  transit  lime  through  the  cells. 
Since  shock  velocities  vary  a  lot  because  of  the  strong  nonlincarilics,  it  is  not  worthwhile  (or  possible)  to 
match  the  cell  sizes  that  carefully.  Also,  the  nonlincarilics  lend  to  quench  the  noise  from  mismatches 
quickly.  When  it  comes  to  resolution,  wc  have  not  made  a  rigorous  doubling  of  the  resolu  tion  to 
evaluate  rc.solulion  effects.  The  mesh  is  what  the  machine  can  handle  (a  Sun  workstation).  There  arc 
about  10-20  cells  across  the  cone  radius.  With  a  quadratic  Von  Ncumann-Richimycr  viscosity,  that 
spreads  a  shock  over  3-4  cells,  which  .should  be  enough  to  rc.solvc  the  radial  shock  in  a  respectable  way. 

Figure  4  shows  the  initial  positions  of  the  Lagrangian  lime  histories  wc  sampled.  Wc  focus  on  time 
hi.siorics  1  through  15  and  refer  to  the  time  histories  by  thc.se  numbers  in  the  following.  Please 
understand  the  meaning  of  Lagrangian;  the  time  history  is  a  history  of  what  happens  to  the  material 
particle  that  was  initially  at  the  position  indicated  in  Fig.  4.  As  the  particle  moves,  the  lime  history 
moves  with  it. 

Figure  5  shows  radial  vckKitics  for  histories  7,  II,  15.  Time  zero  is  at  initiation  of  the  explosive  in  all 
plots.  The  vchKily  is  initially  one-dimensional.  For  histories  11  and  15,  it  changes  when  the  particle 
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hits  the  AI2O3.  For  history  7,  a  further  increase  in  the  radial  velocity  occurs  when  the  second  com¬ 
pression  wave  arrives  at  the  free  surface  of  the  tungsten.  When  the  initial  shock  from  the  explosive 
arrives  at  the  free  surface,  you  get  a  rarefaction  traveling  back.  When  that  rarefaction  hits  the  tungsten/ 
explosive  interface,  a  new  compression  wave  travels  back  into  the  tungsten.  This  stagewise  increase  in 
the  radial  velocity  will  make  the  closure  point  move  with  a  varying  vertical  velocity.  Our  design 
criterion  for  the  slope  of  the  cone  has  always  been  to  make  the  closure  point  arrive  at  Z  =  0  at  the  same 
moment  that  the  vertical  shock  in  the  cone  arrives  there.  It  is  unavoidable  that  the  closure  point  will  be 
out  of  sync,  at  times,  with  the  vertical  shock  wave  in  the  cone.  This  is  one  inherent  limitation  on  our 
ability  to  equilibrate  the  vertical  shock  in  the  cone. 


R  (cm) 

Fig.  3.  Mesh  layout  for  basic  configuration. 
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Fig.  4.  Initial  positions  for  Lagrangian  time 
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Figure  6  (a),  (b),  (c)  shows  vertical  stress  AI2O3  for  histories  12,  13,  14  and  8,  9,  10  and  4,  5,  6 
respectively.  We  can  see  how  the  time  of  arrival  gradually  creeps  together  as  we  move  downwards. 
Figure  7  shows  contours  of  vertical  stress  at  10.2  ps.  The  wave  front  of  the  vertical  wave  is  satisfactorily 
flat,  but  there  is  a  complex  stress  state  behind  the  front.  Some  of  this  complexity  will  have  time  to 
interact  with  the  aluminum  plate.  Figure  8  shows  the  mesh  at  10.2  ps.  Notice  how  the  rezoner  has 
introduced  uneven  cell  sizes  at  scattered  spots.  In  principle,  this  unevenness  disturbs  subsequent  shocks 
running  through  the  mesh  behind  the  main  wave.  In  practice,  it  is  not  important  in  a  strongly  nonlinear 
problem  like  this.  A  specific  device  in  the  code  suppresses  rezoning  in  a  shock  front,  because  distortions 
of  the  mesh  are  typically  not  a  problem  in  the  shock  front.  The  me.sh  distortions  develop  due  to  the  long¬ 
term  particle  di.splacements  behind  the  shock,  rather.  The  cells  may  get  considerably  compressed  inside 
a  shock  front.  However,  this  is  really  an  advantage  of  Lagrangian  methods  over  Eulerian  methods.  With 
a  Lagrangian  method,  one  tends  to  get  an  automatic  refinement  of  the  spatial  resolution  inside  a  sharp 
gradient. 


Figure  9  shows  vertical  velocity  for  histories  1,  2,  and  3.  Notice  that  the  fringe  of  the  plate  wants  to 
separate  from  the  center.  Al.so,  there  is  a  velocity  difference  of  about  0.1  cm/ps  between  histories  1  and 
2.  It  would  take  about  I  ps  for  this  velocity  difference  to  generate  a  shear  displacement  of  0.1  cm,  i.e., 
the  thickness  of  the  plate.  In  1  ps,  the  plate  would  travel  about  1.4  cm.  Figure  10  shows  material 
boundaries  at  1 1 .2  ps.  Figure  1 1  shows  the  me.sh  at  1 1 .2  ps.  These  two  figures  are  somewhat  busy.  It 
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Fig.  5.  Radial  velocities  of  tungsten  cylinder 
for  time  histories  7, 1 1  and  15.  History  number 
7  shows  a  further  increase  in  velocity  from  a 
second  reflection  off  the  explosive. 


Fig.  6b.  Vertical  stress  in  AI2O3  for  time 
histories  8, 9, 10. 


Fig.  6a.  Vertical  stress  in  AI2O3  for  time 
histories  12, 13, 14. 


Fig.  6c.  Vertical  stress  in  AI2O3  for  time 
histories  4,  5, 6. 
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flat  shock  front  in  the  ^1203.  Fig.  8.  Mesh  at  1 0.2  fis. 

might  help  the  reader  to  remember  that  there  arc  three  pieces  of  material  below  Z  =  0:  the  aluminum 
plate,  the  tungsten  ring  that  was  around  the  aluminum  plate,  and  the  expansion  products  from  the  AI2O3. 

Wc  varied  the  thickness  of  the  tungsten  cylinder  between  0.2  and  0.45  cm  to  evaluate  the  optimum 
thickness  of  the  cylinder.  When  we  change  the  thickness  of  the  tungsten  cylinder,  we  must  also  change 
the  slope  of  the  AI2O3  cone.  Because  of  all  the  nonlinearities  involved,  it  is  not  possible  to  hand- 
calculate  the  correct  slope.  Instead,  we  must  try  different  slopes,  doing  iterative  calculations.  The 
process  is  somewhat  tedious,  but  after  some  accumulation  of  experience,  it  is  usually  possible  to  fix  the 
slope  in  two  to  three  iterations.  Figure  12  shows  vertical  plate  velocities  for  histories  1,  2,  and  3  for  a 
tungsten  cylinder  of  0.2-cm  thickness.  Figure  13  shows  same  for  a  thickness  of  0.45  cm.  The  smaller 
thickness  did  not  lead  to  any  significant  increase  in  the  velocity  for  the  aluminum  plate,  but  the  breakup 
of  the  plate  is  if  anything  wor.se.  The  thicker  tungsten  cylinder,  0.45  cm,  gave  a  clearly  lower  plate 
velocity  even  though  the  integrity  of  the  plate  improved  somewhat.  For  the  0.45-cm-thick  tungsten 
cylinder,  we  could  keep  the  cone  angle  the  same  as  for  0.3  cm  (because  wc  were  not  completely 
fastidious  in  fine-tuning  the  cone  angle).  This  indicates  a  certain  insensitivity  to  the  cone  angle,  which  is 
beneficial. 

Thus,  it  appears  that  the  concept  has  the  potential  for  throwing  a  relatively  flat  aluminum  plate  at  about 
14  km/s  over  distances  of  a  few  millimeters  before  plate  distortion  becomes  severe.  Such  high  velocity 
flyer  plates  would  be  very  useful  for  high  pressure  equation-of-statc  measurements. 


There  is  one  further  problem  that  wc  arc  not  addressing  here.  Namely,  melting  and  spallation  of  the 
target  plate.  In  order  to  simplify  the  calculations,  wc  did  not  model  the  melting  of  the  aluminum  plate. 
The  amount  of  irreversible  internal  energy  caused  by  the  shock  dissipation  should  be  enough  to  melt  the 
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Fig.  9.  Vertical  velocity  of  aluminum  plate 
for  time  histories  1 , 2,  and  3. 
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Fig.  10.  Material  boundaries  at  1 1 .2  ps. 
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Fig.  12.  Vertical  velocity  of  aluminum  plate 
with  a  0.2  cm  tungsten  cylinder  for  time 
histories  1.  2,  and  3.  There  is  no  noticeable 
improvement  compared  to  Fig.  9. 


Fig.  1 1 .  Mesh  at  1 1 .2  ps. 
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aluminum.  Also,  we  used  a  Von  Mises  model  for  the  yielding  with  a  constant  yield  stress  of  2.95  Kbar. 
For  the  stress  levels  we  are  studying,  this  means  the  aluminum  plate  behaves  essentially  as  a  fluid.  As 
mentioned  above,  a  possible  solution  to  the  problem  of  the  integrity  of  the  target  plate  is  to  insert  a 
buffer  material  between  the  plate  and  the  AI2O3  cone,  so  as  to  load  the  plate  semi-isentropically. 
However,  it  is  beyond  the  scope  of  the  present  effort  to  investigate  cures  for  the  problems  with  the  target 
plate  integrity. 


Copper  Cylinder  Configuration 

We  also  made  one  calculation  using  copper  for  the  compression  cylinder.  According  to  equation  (1),  we 
should  expect  a  higher  radial  panicle  velocity  since  copper  has  a  density  of  8.93  g/cm^  compared  with 
17.8  g/cm^  for  tungsten.  Figure  14  shows  part  dimensions.  Figure  15  shows  radial  velocities  for 
histories  7,  11,  and  15.  Figure  16  shows  vertical  velocities  for  histories  1,  2,  and  3.  With  the  copper 
cylinder,  we  get  lower  peak  velocity  of  the  aluminum  plate  with  no  real  improvement  in  plate  integrity. 
The  main  reason  we  get  lower  output  is  probably  because  the  bigger  cone  angle  gives  less  convergence 
effect  due  to  the  larger  radius. 


Fig.  13.  Vertical  velocity  of  aluminum  plate 
with  a  0.45-cm  tungsten  cylinder  for  time 
histories  1 ,  2  and  3.  The  plate  integrity 
has  improved  somewhat,  but  the  velocity 
has  decreased. 


R  (cm) 

Fig.  1 4.  Configuration  for  throwing  a  flat 
aluminum  plate  using  a  0.3  cm  copper 
cylinder.  Cylinder  symmetry,  with  Z 
the  axis  of  symmetry. 


According  to  this  reasoning,  the  ideal  material  for  the  compression  cylinder  should  have  high  density  so 
as  to  lower  the  radial  particle  velocity,  which  in  its  turn  reduces  the  cone  angle,  which  leads  to  stronger 
cylindrical  convergence,  a  purely  geometrical  effect.  From  equation  (1),  we  can  see  that  a  higher  shock 
velocity  will  also  increase  the  pressure,  holding  everything  else  constant.  Tungsten  is  unfavorable  in  this 
respect  compared  with  copper;  at  least  the  initial  shock  velocity  is  lower  for  tungsten.  To  judge  from  our 
simulations,  one  gains  more  from  the  increase  in  density,  using  tungsten,  than  one  loses  from  the  lower 
shock  velocity. 
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Fig.  15.  Radial  velocities  of  copper  cylinder 
for  time  histories  7,  1 1  and  15. 
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Fig.  16.  Vertical  velocity  of  aluminum  plate, 
using  a  copper  cylinder,  for  time  histories  1 , 
2  and  3. 


Multiple  Stage  Configuration 

Wc  designed  one  more  configuration,  considcrabJy  more  complex,  as  shown  in  Fig.  17.  It  is  similar  to  a 
Russian  concept  (Forlov  et  al.,  1990)  of  having  .several  stages  of  accelerators.  First,  we  modified  our 
radial  support  for  the  aluminum  plate  to  create  a  ring  of  aluminum,  with  varying  thickness,  around  the 
plate.  Wc  first  tried  to  taper  the  ring  so  that  it  was  thickest  at  the  outside  edge.  However,  there  is  a 
focusing  of  the  stress  at  about  (R,  Z)  =  (0.5,  0)  cm  that  makes  the  ring  compress  the  aluminum  plate 
radially.  The  present  taper  keeps  the  radius  of  the  plate  roughly  constant.  Wc  also  designed  a  large  ring 
of  tungsten  to  act  as  a  gun  barrel.  A  layer  of  Comp-B  is  inserted  between  Z  =  -0.6  and  Z  =  -0.8.  The 
final  tungsten  plate  is  0.5  mm  thick  with  a  tapered  tungsten  ring  around  it  as  confinement.  Here  the  taper 
has  the  orientation  one  intuitively  expects. 


Figure  18  shows  material  boundaries  at  10.7  ps.  The  ring  support  for  the  aluminum  plate  is  reasonably 
successful  at  keeping  the  radius  of  the  plate  comsiant  at  0.3  cm.  Figure  19  .shows  material  boundaries  at 
12.5  ps.  The  final  tungsten  plate  is  very  distorted,  although  the  center  portion  has  attained  the 
impressive  speed  of  about  16  km/s.  Overall,  the  design  was  not  successful,  but  time  has  not  permitted 
optimization  of  this  design.  The  calculation  is  very  hypothetical.  For  one  thing,  because  the  Comp-B  in 
the  second  stage  reaches  pressures  of  about  2  Mbar,  it  is  not  to  be  expected  that  the  JWL  equation  of 
stale  extrapolates  that  far,  the  C-J  pressure  of  Comp-B  is  actually  0.295  Mbar!  Figure  20  shows  histories 
of  vertical  velocities  in  the  final  tungsten  plate.  The  histories  are  positioned  the  same  way  as  for  the 
aluminum  plate. 


DISCUSSION 

The  calculations  suggest  that  single  or  multiple  staged  launchers  of  the  type  proposed  could  launch 
relatively  flat  metal  plates  at  velocities  of  about  14  km/s.  The  primary  question  is  whether  it  is  feasible 
to  make  a  functioning  experiment.  In  the  first  place,  exact  dimen.sions  mu.si  be  determined  by  iterative 
experiments  bccau.se  wc  must  cxpapolaic  in  all  the  material  models  wc  use  in  the  simulation.  A  gradual 
modification  of  properties,  such  as  whether  a  certain  Us-Up  curve  has  exactly  the  slope  wc  a.ssume,is 
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Fig.  17.  Configuration  with  two  stages. 

Cylinder  symmetry,  with  Z  the  axis  of  Fig.  18.  Material  boundaries  of  multiple-stage 
symmetry.  configuratior.  at  10.7  fis. 


Fig.  19.  Material  boundaries  of  multiple-stage 
configuration  at  12.5  ps. 


Fig.  20.  Vertical  velocity  of  tungsten  plate 
of  multiple-stage  device  for  three  time 
histories. 


not  a  problem.  However,  a  complete  change  in  properties  can  pose  a  big  problem.  For  instance,  the 
AI2O3  might  have  a  pha.se  change  at  high  pressure  that  radically  reduces  the  wave  speed.  The  AI2O3  is 
the  critical  component.  For  all  the  other  materials,  we  can  easily  adjust  dimensions  to  compensate  for  an 
unexpected  material  model.  Actually,  the  slope  of  the  cone  is  the  only  variable  we  need  to  adjust 
because  the  results  are  relatively  insensitive  to  the  thickness  of  the  tungsten  cylinder.  There  is  a  good 
chance  that  a  tungsten  cylinder  thickness  of  0.3  cm  is  not  too  far  from  optimal.  We  did  not  optimize  the 
thickness  of  the  aluminum  plate,  but  it  should  be  possible  to  optimize  it  sufficiently  by  computer  alone. 
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One  question  we  have  not  addressed  here  is  the  problem  of  maintaining  a  cylindrically  symmetric 
detonation  in  the  explosive.  Our  calculations  arc  inherently  symmetric.  At  present,  we  do  not  have 
enough  knowledge  to  answer  that  question.  Even  if  a  lack  of  symmetry  docs  not  destroy  the  experiment, 
it  might,  for  instance,  reduce  convergence  effects. 

Finally,  even  though  uncertainties  in  the  material  models  for  the  tungsten  and  the  explosive  may  not 
prevent  the  design  from  working,  they  might  generate  a  different  ultimate  velocity  of  the  aluminum 
plate.  Because  this  might  work  for  us  as  well  as  against  us,  it  is  more  of  an  uncertainty  than  a  problem. 
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ABSTRACT 

This  paper  analyzes  the  results  of  further  development  of  the  Nextel  ceramic  cloth,  multiple-bumper  or  multi-shock 
shield,  first  presented  at  the  1989  HVIS  and  published  as  Cour-Palais  and  Crews  (1990).  The  supporting  hypervelociiy 
impact  testing  was  done  by  the  University  of  Dayton  Research  Institute.  Dayton.  Ohio,  in  their  Impact  Physics 
Laboratory,  using  0.953cm  aluminum  spheres  and  equal-mass  (l/d=0.16)  aluminum  discs.  The  projectiles  were 
launched  at  6.6  to  6.9km/s  by  a  50/20mm,  two-stage  light  gas  gun,  normal  to  the  targets.  The  objective  of  this 
development  project  was  to  investigate  light-weight,  flexible,  multiple-bumper  shields  for  possible  use  as  protection  for 
some  elements  of  Space  Station  Freedom.  The  analysis  discusses  the  performance  of  shields  consisting  of  different 
combinations  of  Nextel  ceramic  cloth  bumpers  and  aluminum  rear  sheets.  Several  Nextel  fiber  strengths  and  weaves 
were  investigated  as  bumpers  and  a  baseline,  light-weight  shield  that  met  the  failure  criteria  was  established  using  the 
spherical  aluminum  projectiles.  This  same  target  was  then  tested  against  the  aluminum  discs  to  investigate  the  effect 
of  projectile  shape.  The  multi-shock  phenomena  was  also  investigated  during  this  project  using  the  UDRl  multiple, 
orthogonal  x-ray  system  to  observe  the  first  three  or  four  sequential  impacts  of  the  projectile  fragments.  Some  of  these 
are  reproduced  in  the  paper,  together  with  views  of  the  associated  rear  sheet  damage.  Similarities  between  the  shock 
effects  of  the  Nextel  and  thin  aluminum  bumpers  are  shown,  and  the  aluminum  multiple-bumper  shield  results  are  used 
to  further  understand  the  multi-shock  process.  Finally,  the  paper  modifies  the  equation  constants  given  by  Cour-Palais 
and  Crews  (1990),  adds  constants  for  the  l/d=0.'6  disc,  and  provides  evidence  that  they  scale  with  momentum  to 
lOkm/s. 
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Subscripts:  b; 
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coefficient 
mass;  g 

total  spacing;  cm 

inter-bumper  spacing;  cm 

velocity;  km/s 

yield  stress;  N/m^ 

summation 

diameter;  cm 

disc/cyiinder  length;  cm 

thickness;  cm 

areal  density;  g/cm^ 

number  of  bumpers 

mass  density,  g/cm’ 

bumper 

projectile 

rear  sheet 

tensile 


INTRODUCTION 

Since  the  multi-shock  shield  concept  for  spacecraft  shielding  was  first  presented,  the  interest  in  using  the  Nextel 
multiple-bumper  shield  on  certain  elements  of  Space  Station  Freedom  has  increased.  In  addition,  the  orbital  debris 
environment  ^finition  has  been  refined  and  is  accepted  as  a  threat  to  be  considered.  The  flexible,  Nextel  multiple- 
bumper  shield  by  itself  or  in  combination  with  the  Whipple  shield,  is  being  seriously  considered  as  a  means  to  achieve 
the  lightest,  acceptable  degree  of  protection  against  orbital  debris  impacts.  This  paper  presents  the  results  of  a  series 
of  tests  conducted  at  the  University  of  Dayton  Research  Institute  (UDRl)  on  the  Nextel  multiple-bumper  shield.  Nextel 
is  a  ceramic  cloth  produced  by  the  3M  company  which  is  available  in  several  different  fiber  strengths,  weaves  and  areal 
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densities.  The  intent  of  these  tests  was  to  simplify  the  shield  construction,  to  optimize  the  shield’s  p)erfonnance  in  terms 
of  total  areal  density,  and  to  determine  the  most  effective  distribution  of  the  bumper  and  rear  sheet  areal  densities.  At 
this  point,  it  is  necessary  to  define  the  tenn  “shield"  as  referring  to  the  complete  system,  i.e.,  multiple  bumpers  plus  the 
rear  sheet  or  other  final  element  that  i.s  to  perfonn  th<*  shielding  function. 

In  addition  to  the  Nextel  optimization  tests,  the  js  at  UDRI  included  thin  aluminum  multiple-bumpershields,  to  assist 
m  mtxlelling  the  physics  relating  to  the  m'.it'Oie  shock  pnvess,  several  miscellaneous  tests  to  investigate  specific  uses 
of  Nextel  multiple  bumper  shields,  and  Whipple  shield  test  with  the  disc. 


F.XPKRIMKNTAL  PROCHDURF 

The  tests  were  perfor  .ed  in  the  UDRI  Impact  Physics  Laboratory,  using  0.95.V'm  aluminum  spheres  and  equal  mass, 
tl/d=0.  lb),  alunr  .1  n  discs  launched  at  6.6  to  6.9km/s  by  a  50/20mm,  two-stage,  light  gas  gun.  All  the  impacts  in  this 
series  were  at  noimal  inclination  to  the  targets.  I'he  debris  prtxluced  by  the  first  three  impacts  on  the  multiple  bumpers 
were  observed  by  simultaneous,  orthogonal,  soft  flash  x-rays,  with  a  fourth  pair  of  x-rays  positioned  in  front  of  the  first 
bumper  to  show  the  condition  of  the  (  rojectile  prior  to  impact.  A  more  detailed  discussion  of  the  test  setup  and  a  sequence 
of  x-ray  views  is  given  in  the  paper  to  be  published  as  Piekutowski  ( 199 

In  almost  all  of  the  tests,  the  rear  sheet  was  an  aluminum  606 1-T6  plate,  w  ith  an  aluminum  witness  sheet  placed  behind 
it.  Figure  1  show  s  a  typical  multiple  shield  target  assembly  prior  to  impact.  As  the  purpose  of  this  series  was  to  study 
the  effect  of  the  Nextel  fabrics  on  the  ballistic  limits,  the  number  of  bumpers  and  the  spacing  between  them,  and  also 
the  space  between  the  last  bumper  and  the  rear  sheet,  was  held  constant  during  the  optimizing  pha.se.  The  constants  were 
five  bumpers  for  the  aluminum  shield;  four  bumpers  for  the  Nextel  shield,  and  a  distance  of  7.62cm  for  all  the  spaces. 
After  a  baseline  shield  was  identified,  other  combinations  of  spacing  and  number  of  shields  were  tested.  Finally,  the 
equal  mass  aluminum  disc  projectiles  were  tested  against  the  baseline  shield  for  comparison  with  the  spherical  projectile 
results. 

Four  Nextel  fabrics  were  selected  for  this  series  which  were  as  follows: 

1  AF26;  areal  density  of  ().04.lg/cm’,  woven  from  Nextel  .112  fiber  (62*^  aiuminum  oxide;  249r  silicon  dioxide; 

147(  bcinc  oxide).  This  was  the  origin;il  ceramic  fabric  used  for  the  multiple  bumpers  reported  in  Cour-Palais 
and  Crews  ( 1990). 

2.  AF4();  areal  density  of  O.OSg/cm',  woven  from  the  same  fiber  as  AF26. 

.4.  /*.r62;  areal  density  of  0. 1  g/ertr’,  also  woven  from  the  Nextel  .4 1 2  fiber  but  having  a  different  weave  pattern  than 

the  ab<ive. 

4  BF.‘i4;  lu’cal  density  of0.l()8g/cm',  woven  from  Nextel’s  440  fiber  (TOf?-  aluminum  oxide;  28%  silicon  dioxide; 

2%  boric  oxide).  BF.Sd  has  the  same  weave  as  the  AF62.  however  the  fiber  has  a  20%  higher  tensile  strength. 

With  the.se  four  fabrics  it  was  possible  to  investigate  the  effect  of  the  bumper  make-up  on  the  total  shield  performance, 
as  previously  mentioned. 


TE.S  r  RF.SU'LTS 

The  test  matrices  and  results  are  shown  in  Table  I  for  the  Nextel  shield  optimization  study,  and  in  Table  2  for  the  other 
tests.  This  next  portion  of  the  rept'rt  w  ill  describe  the  reason  for  each  test  and  the  result. 

Tests  UDRI  4-1 149  (aluminum)  and  UDRI  4-I  UM)  (Nextel)  were  run  to  establish  the  validity  of  the  earlier  results 
obtained  at  the  Ames  Research  Ctnr-r',  facility,  Cour-Palais  and  Crews  (1992).  using  the  same  shields  projectile 
material,  mass  and  veltK'ity.  However,  the  bulge  was  not  as  ptonounced  as  in  the  Ames  result  in  these  tests,  due  to  a 
difference  in  the  rear  sheet  mounting.  The  frame  supporting  the  rear  sheet  deflected  under  impulsive  loading  on  the  plate 
and  was  permanently  bowed  as  shown  in  Fig  2,  As  a  result,  the  retir  sheet  mounting  frame  was  thickened  for  all  the 
remainder  of  the  tests. 

In  the  next  test,  UDRI  4  1 1.81,  the  four  triple  AF26bumperelements  used  in  UDRI  4-1 1.8()wcre  replaced  with  five  single 
element  AF62  bumpers  of  afipniximately  the  same  total  areal  density,  using  the  .same  wall  element.  The  succe.ss  of  this 
test  led  U)  the  elimination  of  one  bumper  and  the  substitution  of  the  BF.84  fabric  foreach  element  in  the  next  test,  UDRI 
4  1 1.82.  Using  the  same  rear  sheet  thickness,  the  bulge  in  the  wall  clement  was  deeper,  and  the  total  .areal  density  was 
reduced  to  1  .().84g/cm' from  1  148g/cnU  for  IT7RI  4  11.80. 

Tests  UDRI  4- 1 1.84  and  UDRI  4  1 1.84  investigated  the  reduction  of  the  rear  sheet  thickness  and  combinations  of  the 
Af-62  and  the  BF.84  Nextels,  In  the  first  of  these,  two  AI-62  bumpers  were  placed  in  front  of  two  BF.84  bumpers  to 
examine  the  effect  of  having  the  higher  strength  Nextel  440  fibers  for  the  rear  bumpers,  where  the  impulsive  loading 
was  greatest.  The  second  test  examined  the  effect  of  having  the  higher  areal  density  BF54  in  the  first  two  bumpers,  to 
enhance  projectile  breakup.  There  was  nodifference  in  the  performance  of  cither  shield,  and  the  'ower  total  areal  density 
of  0.968g/cm',  resulted  in  a  shield  that  was  just  below  the  ballistic  limit. 

Several  attempts  at  investigating  lower  areal  density  shields  arc  represented  by  the  tests  numbered  UDRI  4  1 170,  4- 
1 174,  4-I2.8I  and  4-12.84.  In  these  tests  the  AF40  and  AF26  Nextel  materials  were  used  in  several  combinations  of 
hiiinryrs  and  rear  sheet  thicknesses  All  of  them  resulted  in  rear  sheet  failures  rancinc  from  m.arcinal  to  catastrophic. 
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Table  1.  Multiple-Bumper  Optimization  Test  Results 


Projectile:  AL2017-T4  Diameter:  0.953  (cm);  Mass:  1.27(g)  Nominal;  Impact  Angle:  0 


Shot  # 

Shielding 
Material  for 
Each 
Bumper 

Total 

Number  of 
Bumpers 

Spacing 
Between 
Bumpers  (cm) 

Rear  Sheet 
Material 

Rear  Sheet 
Thickness 
(cm) 

Total  Mass 
Per  Unit 
Area 
(gm/cm^) 

Velocity 

(Km/s) 

Shield  to 
Rear 
Sheet 
Weight 
Ratio 

Description  of  Rear  Sheet 
Damage 

UDRl 
41 149 

ALl  100-0 

5 

7.62  Equal 

38.1  Total 

AL6061-T6 

0.229 

1.136 

6.69 

0.83 

No  Perforation;  Slight 

Bulge;  Molten  Splash 

UDRl 

4-1150 

NEXTEL 

AF26 

4 

7.62  Equal 
30.48  Total 

AL5061-T6 

0.229 

1.148 

6.77 

0.85 

No  Perforation;  Slight 

Bulge;  Molten  Splash 

UDRl 

4-1151 

NEXTEL 

AF62 

5 

7.62  Equal 

38.1  Total 

AL6061  T6 

0.229 

1.120 

6.78 

0.80 

No  PcifOTaiion;  Slight 

Bulge;  Molten  Spla^ 

UDRl 

4-1152 

NEXTEL 

BF54 

4 

7.62  Equal 
30.48  Total 

AL6061-T6 

0.229 

1.054 

6.78 

0.70 

No  Perforation.  Deep  Bulge; 
Molten  Splash 

UDRl 

4  1153 

NEXTEL 

AF62-f 

BF54 

4 

7.62  Equal 
30.48  Total 

AL6061-T6 

0.203 

0.968 

6.75 

0.76 

1  Small  Perforation;  Deep 
Bulge;  Molten  Splash 

UDRl 

4  1154 

NEXTEL 
BF54  + 

AF62 

4 

7.62  Equal 
30.48  Total 

AL6061-T6 

0.203 

0.968 

6.75 

0.76 

1  Small  Perforation;  Deep 
Bulge;  Molten  Splash 

UDRl 

4-1170 

NEXTEL 

AF40 

4 

7.62  Equal 
30.48  Total 

AL606I-T6 

0.203 

0.893 

6.72 

0.62 

Large  Pcialled  Hole;  Molten 
Splash  on  Witness  Sheet 

UDRl 

4-1174 

NEXTEL 

AF40 

5 

7.62  Equal 

38.1  Total 

AL6061-T6 

0.203 

0.978 

6.57 

0.78 

1  Small  Perforation;  Deep 
Bulge.  Molten  Splash 

UDRl 

4-1250 

NEXTEL 

BF54 

4 

7.62  Equal 
30.48  Total 

AL6061.T6 

0.203 

0.984 

6.73 

0.79 

1  Small  Perforation;  Deep 
Bulge.  Molten  Splash 

UDRl 

4-1251 

NEXTEL 

AF40 

5 

5.08-^5.08-^ 

5.08-f7.62-f 

7.62 

30.48  Total 

AL6061  T6 

0.203 

0.978 

6.80 

0.78 

3  Cracks;  Deep  Bulge.  Large 
Hole  in  the  Witness  Sheet; 
Molten  Fragment 

UDRl 

4-1253 

3«NEXTEL 

AF26 

4 

7.62  Equal 
30.48  Total 

AL606I-T6 

0.160 

0.962 

6.76 

1.22 

3  Perforations;  Deep  Bulge; 
Small  Hole  in  Witness 

Sheet 

UDRl 

4-1292 

ALllOO^O 

5 

7.62  Equal 

38.1  Total 

AL  6061 -T6 

0.203 

0.964 

6.69 

0.15 

No  Perforation;  Deep  Bulge; 
Molten  Splash 

UDRl 

4  1293 

NEXTEL 

AF62 

4 

7.62  Equal 
30.48  Total 

AL6061-T6 

0.229 

1.020 

6.67 

0.64 

No  Perforation;  Deep  Bulge; 
Molten  Splash 

Table  2,  Special  Purpose  Multiple- Bumper  Test  Results 


Shot  4 

Shielding 
Material  for 
Each  Bumper 

Total 

Number  of 
Bumpers 

Spacing 
Between 
Bumpers  (cm) 

Rear  Sheet 
Material 

Rear  Sheet 
Thickness 
(cm) 

Tola]  Mass 
Per  Unit 
Area 

(gm/cm*) 

Velocity 

(Km/s) 

Shield  to 
Rear 
Sheet 
Weight 
Ratio 

Description  of  Rear  Sheet 
Damage 

UDRl 

4  1295 

NEXTEL 

BF54 

4 

7.62  Equal 
30.48  Total 

AL  6061  T6 

0.229 

1.054 

6.36 

Disc 

1.262 

Hi  .  with  3  Cracks 

Disc  Hit  at  45  ® 

UDRl 

4  1307 

NEXTEL 

BF54 

4 

7.62  Equal 
30.48  Total 

AL6061.T6 

0.229 

1.054 

5.93 

Di.se 

1.252 

Large  Hole: 

Disc  Hit  Edge-On 

UDRl 

4-1308 

NEXTEL 

BF54 

4 

7.62  Equal 
30.48  Total 

AL6061  T6 

0.229 

1.054 

6.22 

Disc 

1.252 

No  Penetration; 

Disc  Hit  Flu 

UDRl 

4-1309 

NEXTEL 

AF62 

(1.2.1) 

3 

10  16  Equal 
30.48  Total 

AL  6061  T6 

0.229 

1.021 

6.65 

Sphere 

1.275 

Large  Split  in  Deep  Bulge; 
Vapor  Deposit  on  Witness 
Sheet 

UDRl 

4  1312 

NEXTEL 

AF62 

(Lapped 

Seam) 

4 

7,62  Equal 
30.48  Total 

AL6061  T6 

0.229 

1.021 

6.82 

Sphere 

1.275 

1  Small  Perforation  Deep 
Bulge;  Molten  Splash 

UDRl 

4  1313 

2 NEXTEL 
AF62 

1  NEXTEL 
AF26 

2  NEXTEL 
BF54 

3 

3.81  +3.81  + 
2.54 

10.16Tolal 

AL606I  T6 

0.180 

0,966 

6.82 

Sphere 

0.373 

Deep  Bulge  Split  Wide 
Open;  1  Small  Perf.  in 
Witness  Sheet 

UDRl 

4  1314 

AL606I.T6 
(0.155  cm) 

1 

30.48 

AL6061.T6 

0.318 

1.280 

6.52 

Disc 

1.253 

Large  Elongated  Hole; 

Di.se  Hit  Edge  On 

UDRl 

4-1315 

NEXTEL 

LF54 

4 

7.62  Equal 
30.48  Trial 

AL606I  T6 

0.229 

1  054 

6.57 

Di.sc 

1.253 

Shallow  Bulge;  No 
Perforations.  Seven  Small 
Bumps;  Disc  Hit  Flat 

UDRl 

4  1317 

3  NEXTEL 
AF62  + 

I  AL606I  T6 
(0.127  cm) 

4 

7.62  +  7.62+ 
7.62  +10.16 
33.02  Total 

AL  2219 

T87 

0.318 

1.550 

682 

Sphere 

1  275 

No  Perforation;  Attached 
Spill;  Shallow  Bulge 
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clearly.  The  first  part  of  this  section  will  address  this  process  as  it  applies  to  the  various  shields  and  projectiles  tested. 


Multi-shock  Shield  Phenomenology 

Cour-Palais  and  Crews  (1992)  showed  that  the  performance  of  multi-shock  shields  made  from  very  thin  aluminum 
sheets  and  low  areal  density  Nextel  fabric  was  essentially  the  same,  on  the  basis  of  the  total  areal  density  to  prevent 
perforation  of  a  rear  sheet.  The  x-ray  photographs  of  the  debris  after  the  first  two  impacts  show  a  marked  similarity  in 
the  debris-cloud  composition  and  thermal  state  for  an  aluminum  and  a  Nextel  multiple-bumper  shield,  as  seen  in  Figs. 
3  and  4,  respectively.  At  this  point,  let  us  examine  the  aluminum  multiple-bumper  in  some  detail,  to  establish  the 
fundamentals  of  the  phenomena  observed  in  the  sequential  x-ray  radiography. 

Four  tests  were  conducted  strictly  for  the  purpose  of  better  understanding  the  interaction  between  the  0.953cm 
projectiles  and  the  0.0305cm  aluminum  bumpers  used  in  UDRl  4-1 149.  The  first  test,  UDRI  4-1290,  was  done  with 
just  one  bumper,  t/d=0.032,  to  observe  the  initial  impact  shock  compression  and  subsequent  expansion  of  the  projectile 


Fig.  3.  Aluminum  Multi-shock  Bumper  Interactions  UDRl  4-1292. 


Fig.  4.  Nextel  Multi-shock  Bumper  Sequences:  UDRl  4-1293 

and  shield  debris.  Flash  x-ray  views  of  the  shtKked  projectile  at  6.7  micro-secs  and  19.9  micro-secs  after  impact  are 
shown  in  Fig.  5(a).  In  UDRl  4-1288.  a  second  bumper  was  added  7.62cm  behind  the  first,  to  observe  it's  effect  on  the 
debris  cloud.  These  two  views  are  shown  in  Fig.  5(b).  with  a  one-to-one  time  correspondence  with  Fig.  5(a).  The  debris 
cloud  from  a  single  aluminum  bumper,  equal  in  thickness  to  the  two  bumpers  used  in  UDRl  4-1288.  is  shown  in  Fig. 
5(c)  for  UDRl  4-1359.  again  at  the  same  times  after  initial  impact  and  magnification.  This  test  was  part  of  a  series 
conducted  for  Martin  Marietta  Manned  Space  Systems  by  UDRl  and  is  discussed  further  in  Piekutowski  ( 1993).  The 
I/d  is  0.062  and  the  greater  dispersion  and  finer  particulates  in  the  debris,  compared  with  Fig.  5(a),  is  obvious.  The 
damage  done  to  0.635cm,  6061 -T65 1  aluminum  witness  sheets,  placed  appro.ximately  38cm  behind  the  initial  bumpers, 
is  shown  in  Fig.  6(a),  6(b)  and  6(c).  The  damage  is  nearly  the  same,  in  terms  of  the  equivalent  hole  diameter,  for  the 
double  bumper  of  UDRl  4-1288,  (Fig.  6b),  and  the  single  bumper  of  UDRl  4-13.59,  (Fig.  6c).  The  differences  in  the 
debris  particulate  number  density  and  size  distribution  are  also  evident. 

UDRl  4- 1292  was  the  final  test  in  this  series  and  the  debris-cloud  expansion  was  previously  shown  in  Fig.  3.  There  were 
two  other  bumpers  in  UDRl  4- 1 292  and  a  ().20.\'m.  6061-T6  thick  aluminum  rear  sheet,  with  the  same  7.62cm  spacing 
between  them.  The  impulsive  load  caused  a  1 .9cm  deep  rear  surface  bulge,  with  no  indication  of  a  split  or  a  perforation, 
and  a  molten  aluminum  splash  on  the  front  surface.  The  typical  features  of  the  debris  .seen  after  the  initial  impact  of  a 
projectile  on  a  very  thin  bumper,  for  the  aluminum  cases  shown  in  Figs.  3  and  5.  have  been  analyzed  by  Piekutow'ski 
( 1 993).  1  Ic  describes  them  as:  ( 1 )  an  ejecta  veil  consisting  almost  entirely  of  bumper  fragments  created  duri  ng  the  initial 
contact,  (2)  an  expanding  bubble  of  debris  from  the  remainder  of  the  bumper,  and  (  3)  projectile  debris  inside  and  at  the 
front  of  the  bumper  debris  bubble.  The  projectile  debris  is  further  subdivided  by  Piekutowski  into  a  front  element 
consisting  of  finely  divided,  molten  droplets  of  bumper  and  projectile  material;  a  central  disc-like  clement  made  up  of 
a  large  number  of  projectile  fragments;  and  a  rear  element  which  is  a  hemispherical  shell  of  fragments  spalled  from  the 
rear  of  the  spherical  projectile  surface.  These  features  are  clearly  visible  in  the  figures. 


Fig.  5a.  Aluminum  Bumper:  UDRI 4-1290. 


Fig.  5b.  Aluminum  Bumper:  UDRI  4-1288. 


Fig.  5c.  Single  Aluminum  Bumper;  UDRI  4-1359. 


Figure  4  shows  the  condition  of  the  debris  after  the  first  two  bumpers  in  UDRI  4- 1 293  for  the  0.95,3cm  aluminum  sphere 
at  6.67km/s.  The  bumpers  were  Nextel  AF62,  and  the  spacing  also  7.62cm,  The  noticeable  difference  in  Fig.  4  from 
Fig.  3  is  the  presence  of  radial  spikes  well  ahead  of  the  main  projectile  mass  shown  in  the  second  frame.  This  is  projectile 
material  jetting  through  the  voids  in  the  Nextel  weave  at  speeds  greater  than  the  main  btxiy  of  the  debris.  The  central 
disc  of  projectile  fragments,  and  the  rear  hemispherical  shell  of  spalled  fragments  are  very  similar  for  the  same  exposure 
time  in  Fig.  3  and  Fig.  4.  However,  the  Nextel  bumper  debris  is  t<x)  fine  to  be  visible  in  this  ca.se. 

The  debris  after  the  .second  bumper  impact  in  both  cases,  with  0.0.30.5cm  aluminum  in  Fig.  3  and  Nextel  AF62  in  Fig. 
4,  show  a  very  .similar  pattern  of  the  further  breakup  and  radial  expansion  of  the  projectile  debris.  Both  debris  clouds 
indicate  the  presence  of  finer  solid  fragments  at  the  front  trailed  by  liquid  and  possibly  vaporired  material. 

It  was  not  possible  for  the  debris  to  be  photographed  after  the  impact  on  the  third  Nextel  bumper,  due  to  the  target  setup, 
but  this  was  not  the  case  for  the  aluminum  shield.  The  last  frame  of  Fig.  3  shows  that  after  the  third  impact,  there  are 
very  few  dense  particles  left  and  the  trailing  cloud  is  definitely  a  mixture  of  highly  molten  and  possibly  vaporous 
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material  ( 'ne  ssoiild  assume  tliat  tiie  ttiird  Nestel  bumper  is  more  et'I'ect'se  tlian  the  third  aluminum  bumper.  This  is 
beeause  the  same  degree  of  melt  and  vapori/ation  is  seen  on  the  rear  sheet,  together  with  the  deep  bulge  fonned  by  an 
impulsive  load,  w  ith  four  Nestel  .\F62  shoek  surfaees  as  for  the  five  for  aluminum.  The  rear  sheets  for  I  DRI  4- 1 292 
and  1  I  )R1  4  1 29  t  show  the  typie.il  melt  and  v  apor  deposits  assiviated  vv  ith  the  multiple  shivk  privess  seen  in  Cour- 
t’alais  .iiu)  ( Yew  s  i  1 990)  and  ('inir  I’alais  ( 19o2 ).  .Also,  the  areal  density  of  e.ieh  of  the  Al  fO  bumpers  is  0. 1  g/enr'. 
eomp.ired  w  iih  0  (lXfg,/cnr'  lot  eaeh  ol  the  aliimimim  bumpers 

I'he  bum()er  effieieney  of  the  other  .N'estel  fabries  tested  was  also  investigated  using  orthogonal  x-rays.  For  the  .AF40 
hiimper  material  of  I  IfR  1  -1- 1  1 70.  which  has  an  areal  density  of  O.OS.sg/cm’.  the  projectile  breakup  pattern  is  the  same 
as  seen  in  lig,  4.  1  low  ever,  the  radial  expansion  of  the  disc- element  and  the  hemispherieal  shell  diK’s  notiveuras  aresult 
ot  the  first  impact.  .After  the  scvond  tm(iact  the  disc  e\('.uuls  aikl  the  material  in  it  is  liner  The  hemispherical  shell  has 
additional  particul.ite  matter  in  it  and  expands  ;ilso.  but  theie  is  liiile  evidence  of  molten  or  vaporous  material. 

In  the  case  ol  I.  DRi  4- 1  2.‘'2.  which  has  each  bumper  surface  composed  of  three  layers  of  AF26  for  an  areal  density  of 
II  I  '2g/vni  ’.  the  disc  element  is  comprised  of  the  majority  of  the  projectile  material  after  the  first  impact.  I'iiere  is  very 
little  rear  spalhiiton.  and  evidence  olTlie  /citing  no.'iccd  in  J  ig.  4.  .After  the  second  impact,  there  is  a  liirther  breakup 
and  dis|'ersal  of  the  (larticulates  in  the  disc,  and  ev  idence  of  a  trailing  molten  and  vaporous  cloud.  The  BI'54  bumper 
used  in  I  DRI  4  1 2.xii  [lerfornis  very  much  like  the  .\F62  show  n  in  Fig.  4,  Both  of  these  bumpers,  with  areal  densities 
about  I ).  Ig/cnr.  disperse  the  projectile  debris  over  a  larger  frontal  area  ttian  the  AF26in  tiie  first  impact.  After  the  second 
impact  on  the  B15  1  buiiifier.  iheie  is  a  larger  i li. meter  cloi.d  of  tenuous  mateiial.  w  ith  a  more  centrally  livc'ated  but  lesser 
number  ot  [lartieiilates  than  the  .\l-.''(i  biiiiit'er. 

1  igures  7ia  1. 1  h  1  and  (c  1  show  x  ray  v  levvs  ol  the  Fd-0. 16  discs  interacting  w  ith  the  firs;  two  Bf  .“vd  bumpers  of  the  three 
mulli|ile  biimpei  shield  tests.  FDR  I  4  1  .'OH.  I  DRI  4  1 29,S.  and  I  DRI  4  1  .h)7.  In  Fig.  7(a ).  the  disc  is  seen  to  impact 
at  a  slight  lilt  to  the  siirtace  ot  the  first  bumper;  in  Fig  7(b).  the  disc  is  tilted  at  about  oil  degrees  to  the  bumper,  and  in 
Fig  7ic  I.  the  disc  IS  tilted  at  almost  9()  degrees  prior  to  impact  It  is  obvious  that  the  severely  lilted  discs  are  only  partially 
destroyed  tiy  the  first  two  shields.  I  low  ever,  the  disc  that  strikes  close  to  Hal  has  exi’lixied  Into  a  ring  of  smtill  paniculate 
mallet,  preceded  by  streamers  of  very  tine  molten  or  vaporous  material  Behind  it  is  a  cloud  of  material  from  the  rear 
of  the  jnojecliie  w  hic  h  appears  to  he  eompose>l  of  paniciii.iies.  and  molten  oi  vapori/ed  residue  from  the  bumper.  'Diere 
.ippe.irs  to  he  .i  Nextel  “veil"  like  the  one  for  the  .'.liimiiiiim  bumper  described  Iw  I’lekutowski  ( 199,T.  The  paniculate 
in  Irotii  ot  ilie  mam  debris  cloud  is  fiom  the  piece  of  launch  debris  seen  prioi  to  impact  .After  the  second  impact  there 
me  .1  tew  ('aiiiculates  remamiiig  in  what  seems  to  be  a  v.ipoi  cloud. 

1  he  sliield  in  each  of  the  three  lesis  described  anove  was  the  baseline  mentioned  previously,  i.e.  a  four  Nextel  BF'.Hd 
bumper  and  a  (I  229cm  (itl/i  1  I  (i  aluminum  real  sheet  ih.ii  was  the  ballistic  limit  foi  the  O.V/.S  fcm  aluminum  sphere.  Tlie 
tronl  siirt.ices  ol  these  real  sheets  aie  show  ii  in  Figs  Ha.  Sti  .md  He.  from  which  it  ai'pears  that  the  four  bumpers  did  not 
completely  hTe.ikiip  the  tilled  liiscsi.  However,  the  ti.it  on  disc  was  easily  defeated  ,is  may  be  seen  from  the  molten 
deposit .  Ill  i/ie  f'oii:  f.ice  ol  Fig.  .Ha  I'.here  was  a  sii.illow  bulge  on  the  rear  si,ie  o(  the  sheet  and  no  s[i|it  (>r  perfor.itions, 

Ainu  et  ill  I  190|  )  ileiiionstr.ited  the  increased  projectile  lieaimg  produced  tn  the  mulii-stiock  eonee[it  as  compared  to 
.1  single  Fumpet  o:  W  tii|’pie  stiield  liiese  siiiiul.itions  were  )vrformed  with  the  I..iwience  l.ivermoie  Natumal 
I  .it'oMlory  f'.Al  1  hydii  vode.  .in. I  used  the  .iliimiiiiiin  imiliiple  biimpei  test  I  DRI  4  I  1  sx  as  the  iiuhIcI  I  bis  test  is  not 
listed  in  1  .dile  1  ol  tn  s  lej  t.  t'e.-.uisc  it  w.is  peitoimed  bv  I  DRI  for  x  r.iv  test  piiq'oses.  1  lowever.  the  vvork  reported 
by  .Aiiiie  vJLii.l '  I  1  1 ,ippl  ic.ilde  lo  ttie  .ihiiiiimiiii  shields  ilisc.issed  in  this  |i.iper  I  hese  aiilhors  coneliuled  ih.it  tin  liner 
stieels  mole  et|  u  icutly  cvuivei  I  th.e  .  entei  ol  m.iss  k  me  I  is  eiieigv  to  piojectne  inteintil  energv .  and  tlierefoie.  the  multi 
stiiH  k  sliieli.1  pioiliices  sigmtic.inlly  I’lore  pii  ics  tile  he.itmg  than  an  eiiiiiv.ileiil  ni.iss  Wf apple  sf.ield  Fhe  C.AI.Fi 
siiiuil.ilioiis  .iFo  show  ill. It  mi.iliple  sliockscaii  piod.ice  highet  leinper.itiiies  m  the  (iro|ectile  tli.in  single  sheet  bumpers. 
A  more  deiailed  des.  i ipiion  o|  the  test  tirogi.mi.  v.  itli  id. hlu'iial  det'i is  s  loiul  x  i :iv  ev  uleiu  e  is  given  in  ( 'our  I’al.iis  gj 
aDF/'/’i 
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Fig.  7a.  BF54Nextel  Bumpers  with  I/d  =  0.16  Disc  at  00:  UDRl  4-1308. 


Fig.  7b.  BF54  Nextel  Bumpers  with  1/d  =  0.16  Disc  at  600  :  UDRI  4-1295 


Fig.  7c.  BF54  Nextel  Bumpers  with  1/d  =  0.16  Disc  at  90®  :  UDRl  4-1307. 

Multi-Shock  Performance 

The  results  of  the  Nextel  multiple  bumper  shield  optimization  tests,  shown  in  Table  1 ,  were  condensed  into  two  others. 
In  Table  3,  significant  parameters  for  the  targets  in  which  the  rear  sheet  was  not  perforated  at  the  same  ballistic  limit 
velocity  arc  compared.  These  turn  out  to  be  two  aluminum  and  two  Nextel  shields.  In  Table  4,  the  same  parameters 
for  the  remainder  of  the  tests,  which  resulted  in  penetration.s,  are  compared  with  the  aluminum  multiple  bumper  shield, 
UDRl  4- 1292,  of  Table  3.  UDRl  4-1292  re.sulted  in  the  lowest  ballistic  limit  achieved  in  this  series,  and  is  used  as  the 
standard  for  comparisons. 

One  trend  that  is  apparent  in  the  comparisons  in  Table  3  is  that  a  lower  total  shield  areal  density,  (a-d),  is  associated  with 
a  lower  total  bumper  a-d  to  rear  sheet  a-d  ratio.  Areal  density  (or  mass  per  unit  cross-sectional  area)  is  defined  as  2/3 
the  product  of  the  projectile  diameter  and  mass  density,  in  this  paper.  With  reference  to  the  two  aluminum  shields  in 
Table  3,  UDRl  4- 1 1 49  and  UDRl  4- 1 292,  a  1 5%  reduction  in  total  shield  a-d  was  obtained  when  this  ratio  was  reduced 
from  0.83  to  0.75.  Most  of  this  reduction  was  due  to  thinning  the  individual  bumpers.  It  was  also  worth  noting  that  as 
a  result,  the  rear  sheet  had  a  much  deeper  bulge  in  UDRl  4-1292  than  in  UDRl  4-1 149.  This  would  indicate  a  more 
efficient  u.se  of  the  inherent  6061-T6  alloy  strain  before  failure  property. 

Turning  to  the  two  Nextel  shields  in  Table  3,  UDRl  4-1151  and  UDRl  4-1293,  the  total  bumper  a-d  was  decreased  by 
removing  one  of  the  bumpers.  This  resulted  in  lowering  the  bumper  to  rear  sheet  a-d  ratio  from  0.8 1  to  0.64,  and  a  8.9% 
lower  total  shield  a-d.  The  rear  sheet  in  UDRl  4-1293  had  a  deeper  bulge  than  the  rear  sheet  for  UDRl  4-1 151,  which 
is  a  measure  of  the  higher  efficiency  of  the  lighter  shield.  However,  it  is  highly  probable  that  a  0.216cm  rear  .sheet,  if 
it  had  been  available,  would  not  be  perforated,  judging  by  the  other  tests  shown  in  Table  4.  This  would  make  the  total 
shield  a-d  ratio  0.68,  which  brings  the  Nextel  and  aluminum  low  weight  shields  closer  together. 
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Table  4.  Comparison  of  Shield  Parameters:  Non  BL  Results 


dp  =  0.953  cm;  2017-T4  AL;  M  =1.27  g;  =  1.78  g/cm^ 


TEST 

UDRI 

UDRI 

UDRI 

UDRI 

UDRI 

UDRI 

UDRI 

NUMBER 

4-1292 

4-1153 

4  1154 

4-1250 

1170 

1174 

1253 

BUMPERS 

SaALltOO-O 

2AF62 

2BF54 

4xBFS4 

4*AF40 

5xAF40 

12xAF26 

2BF54 

2AF62 

Vp(Kin/s) 

6.70 

6.75 

6.90 

6.70 

6.70 

6.60 

6.80 

BUMPER  a  d; 

0.413 

0.417 

0.417 

0.433 

0.342 

0.427 

0S28 

REAR  SHEET; 

0.203 

0.203 

0.203 

0.203 

0.203 

0.203 

0S28 

i,(cm) 

REAR  SHEET  a  d; 

0.551 

0.551 

0.551 

0.551 

0.551 

0.551 

0.160 

in,(s/an^) 

SHIELD  a-d; 

0.964 

0.968 

0.968 

0  984 

0.893 

0.978 

0.962 

(g/cm^) 

I  mb 

">r 

0.750 

0.757 

0.757 

0.786 

0.621 

0.775 

1.217 

"ibl 

0.046 

0.056 

0.061 

0.061 

0  048 

0.048 

0.074 

mp 

mi 

0.310 

0.310 

0.310 

0.310 

0.310 

0.310 

0.244 

"V 

I  mb 

0.232 

0.234 

0.234 

0.243 

0.192 

0.240 

0.297 

*P 

REAR  SHEET 

NO  PERF: 

1  PERF. 

1  PERF: 

1  PERF. 

LARGE 

1  PERF: 

3  PERFS: 

DAMAGE 

DEEP  BULGE 

DEEP  BULGE 

DEEP  BULGE 

DEEP  BULGE 

PETALLED  HOLE 

DEEP  BULGE 

DEEP  BULGE 

These  are  shown  in  Table  5. 


TTie  first  two  tests,  HIRL  B- 1 92  and  HIRL  B- 1 93,  had  four  Nextel  AF40  bumpers  with  0.05 1  cm  and  0.064cm,  6061  - 
T6  aluminum  rear  sheets,  respectively.  All  the  spaces  between  the  elements  were  3.81cm.  HIRL  B-193  was  the  BL 
for  the  AF40  bumper  shields  with  a  total  a-d  of  0.517g/cm^  and  a  bumper  to  rear  sheet  ratio  of  2.0.  It’s  rear  sheet  had 
a  deep,  lumpy  bulge  with  two  very  small  surface  spalls. 

The  third  test  shown  in  Table  5,  HIRL  B- 1 95,  had  four  AF26  bumpers  and  a  0. 1 27cm  rear  sheet,  with  the  same  spacing 
between  elements.  In  this  test  the  total  shield  a-d  was  0.516g/cm^  and  the  bumper  to  rear  sheet  a-d  ratio,  0.5.  The  rear 
sheet  had  a  deep  smooth  bulge  and  no  perforations  and  was  probably  slightly  over  the  BL.  In  any  case  the  two  tests  HIRL 
B- 1 93  and  B- 1 95,  with  the  same  total  shield  a-d,  illustrate  the  trend  observ^  in  the  UDRl  series,  that  it  is  more  efficient 
to  concentrate  the  total  a-d  in  the  aluminum  rear  sheet  than  in  the  multiple  bumpers.  This  holds  true  for  Nextel  as  well 
as  the  aluminum  bumpers.  HIRL  tests  B-2 14  and  B- 192  have  the  same  total  shield  weight,  but  with  opposite  emphasis 
on  the  bumper  and  rear-sheet  areal  densities.  Both  rear  sheets  failed,  B-192  by  perforation  and  B-2i4  by  impulsive 
loading.  This  is  not  all  due  to  the  6%  higher  velocity. 


Table  5.  Comparison  of  Bumper  to  Rear  Sheet  a-d  Ratio 
dp  =  0.476  cm;  2024-T4  AL;  M=0.16g;  n^i  =  0.889  g/cm^ 


TEST 

HIRL 

HIRL 

HIRL 

HIRL 

NUMBER 

B-192 

B  193 

B  195 

B-214 

BUMPERS 

4xAF40 

4»AF40 

4xAF26 

4xAF26 

VpdCm/s) 

7.00 

7.15 

7.06 

7.43 

BUMPER  a  d; 

0J45 

0345 

0.172 

0.172 

Im^,  (g/cm^^ 

REAR  SHEET; 

0.051 

0.064 

0.127 

0.102 

ti(cm) 

REAR  SHEET  a  d; 

0.138 

0.172 

0,344 

0275 

m,(g/cm2) 

SHIELD  a-d; 

nitot 

0.483 

0.517 

0.516 

0.447 

I  mb 

2.500 

2.000 

0.500 

0.630 

"V 

mbl 

mp 

0.097 

0.097 

0.048 

0.048 

-Jh 

mp 

0.155 

0.193 

0.383 

0.310 

Emb 

0388 

0.388 

0.191 

0.193 

flip 

REAR  SHEET 

2  PERFS  DEEP 

NO  PERFS:  2  SPALLS 

NO  PERFS;  DEEP 

DEEP  DRAWN  AND  SPUI 

DAMAGE 

LUMPY  BULGE 

DEEP.  LUMPY  BULGE 

SMOOTH  BULGE 

INTO  3  SEGMENTS 

\iial\'>is  i»t  iMi  Ncxici  iiuiiti  \luK.k  ''IucIJn 


In  keeping  with  the  equations  developed  by  Cour-Palais  and  Crews  (1990),  the  constants  Cj  and  were  calculated  for 
the  UDRl  ballistic  limits  shown  in  Table  1  and  the  HIRL  ballistic  limits  given  in  Table  5.  These  are  listed  in  Table  6 
and  compared  with  the  values  given  in  the  referenced  paper  for  the  aluminum  and  Nextel  multiple-bumper  tests 
conducted  with  the  0.318cm  aluminum  spheres,  HIRL  A-965  and  HIRL  A-433.  It  is  apparent  that  the  optimized 
aluminum  multi-bumper  shield  U  RDl  4- 1 292  and  the  HIRL  A-965  of  (Zour-Palais  and  Crews  (1990),  obtained  with  the 
0.3 1 8cm  sphere,  have  almost  identical  Cj  and  C  values.  Notice  also  the  three-to-one  diameter  scaling  in  the  individual 
and  total  a-d  values  and  that  the  bumper  to  rear  sheet  a-d  ratios  are  close,  for  almost  the  same  BL.  The  optimized  Nextel 
multi-bumper  shield  UDRI 4- 1 293,  with  the  0.953cm  sphere,  has  very  nearly  the  same  C,  and  C^  values  as  the  0.476cm 
sphere  results  for  HIRL  B-195.  Although  the  a-d  values  for  the  rear  sheet  and  the  total  shield  are  in  good  agreement 
for  the  two-to-one  diameter  ratio,  the  total  bumper  a-d  values  are  further  off.  As  this  is  bom  out  by  the  bumper  to  rear 
sheet  a-d  ratios,  it  implies  that  another  Nextel ,  wi'h  an  a-d  of  0.05g/cm^  was  needed  for  the  individud  bumpers  for  HIRL 
B-195.  This  was  not  available  at  the  time. 


Table  6.  Ballistic  Limit  Constants 


I2XAF26 

5XAF62 

4XBF54 

4XAF62 

5XALII00 

4.XAF40 

4XAF26 

5X1100 

4XAF26 

TEST 

NUMBER 

UDRl 

4-1150 

UDRl 

4-1151 

UDRl 

4  1152 

UDRl 

4-1293 

UDRl 

4  1292 

HIRL 

B-193 

HIRL 

B-195 

HIRL 

A-%5 

HIRL 

A-433 

dp  (cm) 

0.953 

0.953 

0.953 

0.953 

0.953 

0.476 

0.476 

0.318 

0.318 

Mp(rym) 

1,230 

1.270 

1.270 

1.270 

1.270 

0.159 

0.159 

0.047 

0.017 

Vp  (Km/s) 

6.80 

6.80 

6.80 

6.80 

6.70 

7.15 

7.060 

6.50 

6.60 

Imj,  (g/cm^) 

0.528 

0.500 

0.433 

0.400 

0.413 

0.345 

0.172 

0.138 

0.172 

m,(g/cm^) 

0.621 

0.621 

0.621 

0.621 

0.551 

0.172 

0.344 

0.173 

0.214 

"'lol 

1.149 

1  121 

1.054 

1.021 

0.964 

0.517 

0.516 

0.311 

0.386 

Emb 

"V 

0,850 

0,810 

0.700 

0640 

0.750 

2.000 

0.500 

0.800 

0.800 

C3 

(SHIELD) 

124.2 

189.0 

113.7 

112.0 

164.7 

106.0 

107.1 

1M.7 

128.4 

C4 

(REAR  SHEET) 

67.1 

1(M.7 

67.0 

68.1 

94.1 

35.2 

71.4 

91.6 

71.2 

Some  other  facts  shown  in  Table  6  need  to  be  mentioned  at  this  time.  UDRl  4-1150  and  HIRL  A-433  also  scale  with 

the  three-to-one  diameter  ratio  in  every  category.  As  neither  test  was  optimized,  the  equation  constants  are  given  for 
reference  only.  The  five-element  Nextel  multiple-bumper  shield,  UDRl  4-1151,  was  included  for  comparison  with  its 
aluminum  equivalent,  UDRl  4-1292,  and  four-element  Nextel,  UDRl  4-1293. 


It  is  now  possible  to  give  average  constants  for  equations  3  and  4  given  by  Cour-Palais  and  Crews  (1990),  reproduced 
below  as  ( 1 )  and  (2),  that  will  be  valid  for  diameters  between  0.3 18  and  0.953cm  at  6.7  to7.15km/s.  The  equations  are: 


{2:"  mb 


-t-m,} 


CjxMpxVp  I  2.76x10* 
(Z7AS)2  *  X 


gm/cm^ 


(1) 


I 


and. 


m, 


C4xMpXVp  [2.76x10*]^ 
(X"AS)^  M  ^  J 


gm/cm^ 


(2) 


For  Nextel  multiple-bumpers  with  aluminum  rear  sheets: 

Cj  =  1  lOs/km  and  C^  =  70s/km 
For  aluminum  multiple-bumpers  with  aluminum  rear  sheets: 

C,  =  165s/km  and  C.  =  93s/km 

The  constants  are  for  s=8d  and  n=4  for  the  Nextel  bumpers,  and  s=8d  and  n=5  for  the  aluminum  bumpers. 

The  comparable  constants  for  the  Nextel  multiple-bumper  with  the  l/d=0. 1 6  disc  impacting  flat  are  obtained  from  UDRl 
4-1315  as: 


C3  =  1 19s/km  and  C,  =  70s/km 

These  are  close  to  the  spherical  projectile  values  shown  above.  This  could  mean  that  a  sphere  and  equal  mass  disc,  if 
it  impacts  on  it’s  flat  side,  require  the  same  a-d  shields  and  rear  sheets.  If  there  had  been  the  time  to  optimize  the  disc 
result,  it  would  probably  have  the  same  values  of  C,  and  C,  as  the  optimized  Nextel  multiple-bumper  impacted  by  the 
spherical  projectile  given  above. 
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Christiansen  (1992)  presents  a  tncxiified  form  of  equations  1  and!  for  the  Nextel  multiple-bumper  with  the  aluminum 
rear  sheet.  The  constant  used  in  equation  3  of  the  referenced  paper  for  the  total  bumper  areal  density,  is  equivalent  to 
2/3  the  values  given  in  this  paper,  due  to  the  differences  in  definition.  Also,  the  constant  in  equation  4  reflects  the 
optimization  of  the  previously  mentioned  HIRL  A-433,  shown  in  Table  6,  by  N  AS  A  Johnson  Space  (Tenter.  The  shield 
approach  given  in  Christiansen  ( 1992)exemplifies  the  high  bumper  to  rear  sheet  a-d  which  gives  approximately  the  same 
total  a-d  as  the  opposite  approach,  as  discussed  above.  Christiansen  also  discusses  the  effect  of  obliquity  and  low 
velocity  impact  on  the  Nextel  multiple-bumper  shield  described  in  the  same  reference. 

Further  studies  with  Nextel  multi-shock  shields  are  reported  by  Boslough  et  al  (1993),  using  the  Sandia  National 
Laboratories  flat  plate  launcher.  These  were  at  velocities  between  9.85  and  10.22km/s  with  nominally  0.6g  aluminum 
thin  discs  which  were  slightly  bowed  prior  to  impact  The  targets  were  the  same  as  UDRl  4-1250,  with  BF54  Nextel 
bumpers  and  the  0.203cm,  6061-T6  aluminum  rear  sheet.  In  one  test  the  BF54  was  replaced  by  the  AF62  Nextel. 
Coefficients  were  calculated  for  three  tests  that  survived  the  process,  which  are  as  follows: 

Cj  =  150s/km  and  C^  =  84s/km 

The  average  momentum  of  the  three  Nextel  multi-shock  tests  in  Boslough  el  al  (1993)  referred  to  is  6.  Ixl0*5dyne-secs 
and  for  UDRl  4- 1 3 1 5  it  was  8.23x  l(y'5dyne-secs.  If  constants  obtained  from  U  DRI 4- 1 3 1 5  are  momentum-scaled,  the 
Sandia  values  would  have  been  161  s/km  and95s/km  respectively.  Considering  the  differences  in  the  tests,  i.e.,  launch 
technique,  projectile  shape  and  mass  calculation,  and  target  damage  verification,  it  would  seem,  on  the  basis  of  the  disc 
tests,  that  the  UDRl  test  results  can  be  scaled  by  momentum  with  reasonable  accuracy  to  orbital  debris  velocities. 


CONCLUSIONS 

The  series  of  development  hypervelocity  impact  tests  conducted  at  UDRl  explored  the  properties  of  Nextel  multiple- 
bumper  shields  with  the  use  of  multiple-exposure,  orthogonal  x-radiography.  Successive  views  of  the  projectile  and 
fragments  after  impact  with  the  first  three  bumpers  clearly  showed  the  shock  excitation  of  the  debris  to  higher  energy 
states.  In  addition,  light-weight  orbital  debris  shields,  comprising  various  Nextel  fabric  multiple-bumpers  and 
aluminum  rear  sheets,  were  investigated  using  1 .27g  aluminum  spheres  at  6.7km/s  and  equal  mass  L/D  =  0. 1 6  aluminum 
discs  at  6.2km/s.  The  areal  density  required  to  prevent  perforation  of  the  rear  sheet  for  the  sphere  was  approximately 
Ig/cm*,  using  either  the  BF  54  or  the  AF62  Nextels.  It  was  also  found  that  using  a  combination  in  which  two  BF54 
bumpers  preceded  two  AF62  bumpers  was  slightly  superior  to  the  reverse  case,  in  terms  of  increasing  the  ballistic  limit. 
Also,  there  are  two  ways  to  obtain  a  light-weight  Nextel-aluminum  shield  for  the  same  ballistic  limit;  making  the 
bumpers  a  iiigher  areal  density  than  the  rear  sheet  areal  density  or  vice-versa.  The  more  efficient  shield,  from  the  view¬ 
point  of  maximizing  the  material  properties  of  the  rear  sheet  and  a  lower  overall  weight,  is  the  second  choice,  obtained 
by  using  a  Nextel  multi-bumper  to  rear  sheet  areal  density  ratio  of  0.64.  It  was  also  found  that  the  disc  would  penetrate 
the  Ig/cm^  shield  if  it  struck  at  a  tilt  angle  other  than  about  5  degrees. 

An  all  aluminum  multiple-bumper  shield,  with  five  0.03cm,  1100-0  bumpers  and  a  0.203cm  6061-T6  rear  sheet,  had 
an  areal  density  of  0.9Mg/cm^  for  the  same  ballistic  limit  as  the  Nextels  mentioned  previously.  It  is  interesting,  from 
the  physical  process  involved,  that  the  total  bumper  areal  densities  (0.4g/cm^)  and  the  total  shield  areal  densities  of  the 
two  shields  are  almost  identical.  However,  the  aluminum  shield  requires  a  lower  areal  density  rear  sheet  than  the  Nextel 
for  the  same  ballistic  limit,  because  it  has  five  shock  surfaces  versus  the  four  for  the  Nextel. 

Constants  for  the  equations  given  previously  by  Cour-Palais  and  Crews  ( 1 990)  have  been  refined  and  it  has  been  shown 
that  the  multiple-bumper  scales  with  projectile  momentum  between  6  and  lOkm/s.  The  extension  to  lOkm/s  relies  on 
the  results  of  the  Nextel  BF54  and  AF62  multiple-bumper  tests  done  at  the  Sandia  National  Laboratories  flat-plate 
launcher  facility  on  the  same  configurations  that  were  successfully  tested  at  UDRl. 
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ABSTRACT 

The  production  of  magnetic  fields  within  impact-generated  plasma  may  explain  magnetic  fields  that 
have  been  observed  during  hypcrvelocity  impact  experiments  at  the  NASA  Ames  Vertical  Gun  Range. 
The  effect  of  impact  angle  on  the  production  and  subsequent  evolution  of  impact-generated  magnetic 
fields  is  assessed  using  magnetic  field  data  obtained  during  macroscopic  hypcrvelocity  impacts 
conducted  within  two  ambient  magnetic  field  environments.  The  configuration  and  duration  of 
spontaneous  impact-generated  magnetic  fields  are  found  to  have  a  strong  dependence  on  impact  angle, 
exhibiting  a  smooth  transition  from  a  cylindrically  symmetric  field  configuration  at  vertical  incidence 
to  a  strong  bilaterally  anti-symmetric  field  configuration  at  high  obliquity:  hence,  crater-related 
palcomagnetic  fields  may  yield  a  diagnostic  signature  of  impact  angle  where  other  clues  (shape,  ejecta 
pattern)  are  absent  or  ambiguous.  As  a  direct  result  of  some  surprising  experimental  results,  a  first- 
order  model  of  field  generation  during  the  cavitation  regime  of  high  incidence  angle  hypervelocity 
impacts  is  explored.  A  possible  consequence  of  this  model  is  that  magnetic  fields  produced  during 
hypervelocity  impacts  (especially  those  that  form  large  craters)  may  be  an  important  component  of 
planetary  magnetism — especially  lunar  magnetism  during  the  last  -3.6  billion  years. 


INTRODUCTION 

The  production  of  transient  magnetic  fields  associated  with  plasma  produced  by  hypcrvelocity 
meteoroid  impacts  has  been  invoked  to  possibly  explain  the  remnant  magnetization  of  certain  "young" 
(3  Ma  -  1.5  Ga)  lunar  samples  (Sugiura  et  al.,  1979;  Collinson,  1984),  as  well  as  broad  areas  of  the 
lunar  surface  (Gold  and  Soter,  1976;  Martelli  and  Newton,  1977;  Smka  et  ai,  1979;  Schultz  and 
Smka,  1980;  Smka  and  Schultz,  1980;  Hood  and  Vickery,  1984;  Lin  et  ai,  1988;  Hood  and  Huang, 
1991).  Dachille  (1978)  proposed  that  U'ansient  magnetic  fields  could  be  produced  during  hypcrvelocity 
impacts  by  inertial  charge  separation  occurring  in  the  initial  moments  of  plasma  production.  Smka 
(1977)  and  Smka  et  ai  (1979)  proposed  that  magnetic  fields  could  be  generated  in  quasi-neutral 
plasma  produced  during  the  early  stages  of  hypcrvelocity  impacts.  The  proposed  mechanism  is  similar 
to  the  self-generation  of  magnetic  fields  in  plasma  produced  by  pulsed  laser  experiments  as  discussed 
by  Pert  (1977,  1981).  The  formulation  is  the  magnetohydrodynamic  (MHD)  equation  of  a  low 
temperature  plasma  with  a  source  term  arising  from  electron  thermal  pressure  gradients: 
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where  v  and  a  are  the  plasma's  fluid  velocity  and  electrical  conductivity  respectively;  c  is  the  speed  of 
light;  k  is  Boltzmann's  constant;  and  n,  T  and  e  are  the  electron  number  density,  temperature  and 
charge,  respectively.  The  first  term  on  the  right  of  (1)  represents  advection  of  B  due  to  fluid  motion; 
the  second  represents  diffusion  of  B  through  the  electrically  conductive  plasma.  The  third  term  is  a 
source  term  which  arises  from  drift  currents  due  to  thermal  pressure  gradients  (VnkT)  and  is  non-zero 
when  the  electron  temperature  and  density  gradients  are  not  aligned.  On  the  relatively  short  time  scale 
of  projectile  penetration  and  cavitation,  the  diffusion  term  is  generally  neglected  (Smka,  1977). 

The  production  and  evolution  of  magnetic  fields  associated  with  plasma  produced  by  experimental 
hypcrvelocity  impacts  may  be  attributed  to  many  processes  including,  but  not  limited  to,  field 
generation  from  nonaligned  electron  density  and  temperature  gradients  within  plasma  (Smka  1977; 
Smka  et  al.  1979),  field  generation  from  charge  separation  and  transport  (e.g.  Dachille,  1978),  field 
amplification  that  can  occur  during  cavitation,  field  decay  that  occurs  as  the  plasma  expands  freely,  and 
field  rarefaction  that  occurs  as  the  electrically  conductive  plasma  expands  into  the  ambient  magnetic 
field  environment  (Crawford  and  Schultz,  1992).  In  the  interpretation  of  magnetic  fields  associated 
with  quasi-neutral  plasma  generated  by  experimental  hypervelocity  impacts,  a  two  component  magnetic 
field  model  can  be  used  (Fig.  1).  One  component  is  due  to  rarefaction  of  the  ambient  field  as  the 
"diamagnetic"  plasma  expands  into  the  ambient  magnetic  field;  the  other  is  the  plasma's  internal  field 
(seen  outside  the  plasma  as  a  leakage  field)  that  arises  from  spontaneous  field  generation,  amplification 
and/or  decay  during  the  projectile  penetration,  cavitation  and  late-time  expansion  regimes. 


Fig.  1.  First-order  model  of  impact-generated  magnetic  fields  (after  Smka  et 
al.,  1979).  The  radially  expanding  quasi-neutral  plasma  can  be 
approximated  as  a  diamagnetic  material  with  dipole  moment  M, 
r^ucing  the  intensity  of  the  ambient  field  (Bg)  below  the  impact 
point  Nonaligned  electron  density  and  temperature  gradients  can 
produce  a  toroidal  field  (Sq)  confined  to  the  plasma  although  leakage 
fields  may  penetrate  into  the  target 

Magnetic  field  rarefaction  appears  as  the  plasma  excludes  the  ambient  magnetic  field  while  expanding 
above  the  impact  point  In  this  way,  it  acts  as  a  diamagnetic  material  (Rayzer,  1964)  producing  a  zone 
about  the  point  of  impact  where  the  magnetic  field  is  temporarily  reduced  from  its  initial  value. 
Magnetic  field  generation  arises  from  the  source  term  on  the  right  side  of  equation  (1)  and  is 
independent  of  the  initial  magnetic  field  strength  provided  that  this  initial  value  is  lower  than  the  limit 
imposed  by  finite  energy  density.  Magnetic  field  amplification  and  decay  occur  due  to  advective 
processes  within  impact-generated  plasma.  For  a  brief  period  of  time  after  the  projectile  has  penetrated 
the  target,  vapor/plasma  production  is  greatest  along  the  sides  of  the  projectile  and  cavitation  occurs, 
i.e.,  a  portion  of  the  plasma  is  directed  inward  upon  itself  as  the  plasma  converges  above  the  rear  of  the 
greatly  deformed  projectile  (see  O'Keefe  and  Aluens,  1977).  Due  to  the  convergence  of  the  Dow  field 
during  this  time,  amplification  of  the  ambient  and/or  generated  field  can  occur.  This  process  may 
explain  a  brief  enhancement  of  the  ambient  magnetic  field  that  we  observed  during  many  high 
incidence  angle  experimental  impacts.  In  the  discussion  section  of  this  paper,  a  first-order,  one- 
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dimensional  model  of  this  process  is  considered.  During  late-iime  plasma  expansion,  the  plasma  fluid 
velocity  is  directed  outward  and  the  field  decays. 

EXPERIMENTS 

Experimental  investigation  of  magnetic  field  generation  and  evolution  during  hypcrvelocity  impacts 
has  been  performed  at  the  NASA  Ames  Vertical  Gun  Range,  Moffett  Field,  California  (Crawford  and 
Schultz,  1988,  1991).  The  vertical  gun  is  a  two-stage  hydrogen  light  gas  gun  capable  of  launching 
macroscopic  projectiles  at  up  to  7  km/s  with  the  angle  of  impact  varying  from  nearly  horizontal  to 
vertical  in  increments  of  15®  (see  Gault  and  Wedekind,  1978).  The  large  impact  chamber  is  large 
enough  to  accommodate,  surrounding  the  impact  point,  a  mu-metal  shield  that  reduces  the  0.35  G 
ambient  (terrestrial)  magnetic  field  to  levels  comparable  with  the  free  solar  wind  value  of  lunar  surface 
field  strengths.  Impacts  of  aluminum  projectiles  into  powdered  dolomite  (Mgg  sCa^  5CO3)  targets  have 
demonstrated  repeatability  and  readily  produce  a  self-luminescent,  slightly  ionized  vapor  cloud  that  we 
infer  to  be  the  source  of  impact-generated  magnetic  fields.  Through  the  use  of  high  frame-rate 
photography,  the  vapor’s  fluid  velocity,  total  mass  and  energy  can  be  characterized  (Schultz,  1988; 
Schultz  and  Gault,  1990a). 

Magnetic  field  production  was  observed  during  laboratory  hypervelocity  impacts  conducted  within  two 
different  ambient  magnetic  field  environments  in  order  to  separate  spontaneous  field  generation  from 
the  interactions  of  the  expanding,  electrically  conductive  plasma  with  the  ambient  magnetic  field.  A 
moderate  field  environment  of  34+6  mG  intensity,  oriented  -45®  from  horizontal  within  the  plane  of 
the  projectile  trajectory  was  produced  by  using  a  single  layer  mu-metal  shield  in  a  capped  cylindrical 
configuration  (1  m  diameter  by  1  m  high,  see  Fig.  2).  A  low  field  environment  of  4.5+0.8  mG  intensity 
(comparable  to  lunar  surface  strength:  0-5  mG),  oriented  vertically,  was  produced  by  adding  an  inner 
mu-metal  layer  to  the  shield.  The  inner  layer  was  degaussed  periodically  by  application  of  a  ramped 
60-Hz  vertical  magnetic  field. 

Impact-generated  magnetic  fields  were  measured  by  15  magnetic  search  coils  (Fig.  2),  each  capable  of 
measuring  a  single  component  of  9B/3t.  Each  coil  consisted  of  several  hundred  turns  of  30  gauge 
copper  magnet  wire  wound  helically  on  a  plastic  form  approximately  8  cm  in  diameter.  All  the  cc*is 
and  leads  were  electrostatically  shielded  by  l-mm-thick  grounded  aluminum  foil.  The  signals  from  the 
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Fig.  2.  Experimental  setup  for  the  measurement  of  impact-generated 
magnetic  fields.  View  from  above.  The  mu-metal  shield  is  a  pair  of 
concentric  capped  cylinders  approximately  1  m  in  diameter  by  1  m 
high.  The  projectile  impacts  the  target  at  the  origin.  Coils  that 
measure  the  magnetic  field  are  located  above  and  below  the  target 
surface  (usually  buried  in  the  target).  The  witness  plates  break  up 
and  contain  ricochet  fragments  produced  by  oblique  (<30®)  impacts. 


coils  were  amplified  hy  iiislruinenuition  amplillers  and  sent  to  a  imjliictuinnel  digital  aequisiiion  system 
where  they  were  simultaneously  converted  into  8-bit  digiuil  form  at  a  rate  of  51)0  kll/  (2  (xs  per 
conversion)  for  later  computer  readout.  The  data  from  each  channel  were  integrated  with  a  robust 
technique  developed  using  known  magnetic  field  waveforms. 

Thiriy-ihrec  experimental  impacLs  have  been  u.sed  to  map  die  spatial  and  temporal  character  of  impact- 
gcneraied  magnetic  fields.  The  experiments  used  0.64-cm-aluminum  spherical  projectiles  impacting  a 
powdered  dolomite  target.  Dependence  on  impact  angle  and  tlie  ambient  field  environment  were 
explored  whereas  the  impact  velocity  was  held  as  constant  as  possible  from  shot  to  shot.  Fifteen 
magnetic  search  coils  were  buried  witliin  tlic  target,  arrayed  hori/onLiIly  (but  measuring  the  three  field 
components)  7-9  cm  below  the  impact  point  The  coils  are  laid  out  using  a  Cartesian  coordinate  system 
where  the  origin  is  the  impact  point,  the  z  axis  is  vertical  and  the  y  axis  defines  tfie  horizontal 
projection  of  the  projectile  trajectory'  (but  oriented  uprange)  prior  to  oblique  inipacts.  Each  magnetic 
search  coil  is  oriented  parallel  (e.g.  +x.  +y  or  +2)  or  anti-parallel  (e.g.  -x.  -y  or  -2)  to  the  x,  y  or  z  axes. 
During  the  low  field  experiments  (19  experimental  impacts),  the  ambient  magnetic  field  was  oriented 
vertically  <  0.5  mG,  B^  =  4.5±0.8  niG). 

Maps  of  the  3-D  impact-generated  magnetic  field  (Fig.  3)  were  formed  by  combining  the  data  from 
experiments  with  complementary  coil  locations  and  orientations.  The  data  were  linearly  time-shifted  to 
account  for  slight  variations  of  impact  velocity  and  then  combined  using  a  tlircc-diinensional  Gaussian 
spatial  filter  to  produce  plots  showing  the  configuration  of  the  magnetic  field  at  particular  times.  No 
attempt  is  made  to  force  tlie  result  to  be  divergence  free.  Instead,  tlie  relatively  weak  non-zero 
divergence  in  the  resulting  plots  can  be  used  as  an  estimate  of  tlie  accuracy  of  the  interpolation. 

Dependence  on  Impact  Angle 

Results  from  experiments  conducted  in  the  low  field  environment  (4.5±0.8  niG),  de.scribed  above,  arc 
shown  in  the  plots  of  Fig.  3.  Magnetic  field  ob.servations  are  .shown  for  six  different  impact  angles:  90'’, 
75°,  60°,  45°,  30°,  and  15°  from  horizontal.  Each  plot  is  a  compilation  of  data  collected  in  2-5  impact 
experiments  (30-75  measurement  locations/orientations)  and  depicts  a  2-D  slice  (in  a  horizontal  plane 
-9  cm  below  the  target  surface)  of  die  average  magnetic  field  ob.served  0.3-0. 5  ms  after  impact. 

At  early  lime,  the  magnetic  field  within  Uie  impact-generated  plasma  is  probably  very  intense,  as 
predicted  by  theory,  but  because  it  is  confined  to  .such  a  small  region  (within  1-3  projectile  radii  of  the 
impact  point),  its  intensity  rapidly  diminishes  with  di.spncc  and  is  difficult  to  observe.  At  late  lime,  the 
magnetic  field  is  spread  over  a  large  region  within  the  expanding  plasma,  so  that  it  can  be  readily 
measured,  but  is  relatively  weak.  With  iliis  in  mind,  die  magnetic  fields  prtxluccd  by  vertical  impacts 
and  shown  in  Fig.  3  arc  consistent  with  die  two  component  magnetic  field  model  drscussed  earlier. 

The  a/.imuthal  (spiral)  magnetic  field  pattern  that  appears  during  vertical  impacts  at  relatively  early 
limes  is  consistent  w  ith  spontuieous  field  generation  arising  from  the  source  term  of  equation  (1).  The 
radial  and  verdcal  field  components  arc  consistent  with  a  first-order  plasma  magnetic  dipole  moment 
oriented  in  the  same  direction  as  the  ambient  field  and  may  Iv  due  to  ambient  field  amplification 
during  cavitation.  Rarefaction  of  the  ambient  field  is  also  likely  to  wcur,  but.  due  to  the  relatively  weak 
lateral  expansion  of  die  pla.sma,  never  appears  as  a  significant  component  o*'  the  overall  field  pattern. 

During  impacts  at  75°  and  60°  from  horizonutl,  die  vertical  field  pattern  is  initially  in  die  same 
direction  as  the  ambient  field  but  dien  develops  into  a  rarefaction  field  with  opposite  ptilarity  (Fig.  3). 
The  early  lime  field  pattern  is.  again,  consi.stent  widi  ambient  field  amplification  during  cavitation.  At 
later  time  the  pla.sma  is  directed  away  from  vertical  by  the  configuradon  of  die  transient  cavity  resulting 
in  a  more  efficient  interaction  with  die  ambient  field  and,  dierefore,  a  stronger  rarefaction  component. 

During  impacts  at  45°,  30°  and  15°  from  horizontal,  ambient  field  amplificanon  cannot  be  seen  in  the 
ob.servauons,  yet  die  spontaneous  magnetic  field  is  enhanced  overall.  The  field  is  stronger  downrange 
and  exhibits  bilateral  anii-symmeU'y  acro.ss  the  plane  conutining  the  projectile  trajectory.  The  strength 
of  die  anti-symmetric  part  of  the  field  patterns,  especially  for  low  angle  impacts,  strongly  suggests  diat 
much  of  the  field  ob.served  in  diesc  cxfieriments  is  sponuineous  and  is  consistent  w  ith  earlier  work  diat 
demonstrated  the  repeatability  of  impact-generated  mag.nedc  fields  in  vari'C’,:''  I'.mbien!  field 
environments  (Crawford  and  .Schultz,  1988,  1991). 
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Fig.  4.  Average  magnetic  field  strength  (squares)  as  a  function  of  impact 
angle  measured  during  the  time  interval  0.3-0.5  ms  after  impact. 

Error  bars  are  the  standard  error  of  the  mean.  Overall  vaporization 
efficiency  (M^/Mp,  circles)  is  plotted  for  impact  angles  of  15°,  30°, 

45°  and  90°  from  horizontal  for  comparison  (from  Schultz,  1988). 

Figure  4  shows  the  average  magnetic  field  strength  as  a  function  of  impact  angle  0.3-0.5  ms  after 
impact  corresponding  to  the  time  interval  shown  in  the  plots  of  Fig  3.  The  error  bars  are  the  standard 
errors  of  the  mean  which  primarily  reflect  the  variance  from  shot-to-shot.  The  figure  includes 
experimental  vaporization  data  for  the  same  target  material  (dolomite)  from  Schulu  (1988)  as  a 
comparison.  Although  not  conclusive,  the  consistency  of  the  data  suggests  that  impact-generated 
magnetic  field  strength  has  a  similar  impact-angle  dependence  to  overall  vapor  production.  As  plasma 
generated  by  low-angle  impacts  generally  expands  downrange  against  the  target  surface,  part  of  the 
enhancement  at  low  impact  angles  may  be  due  to  the  plasma's  close  proximity  to  the  target  surface. 


DISCUSSION 


To  help  interpret  the  experimental  data,  we  start  with  equation  (1)  and  develop  a  first-order,  one¬ 
dimensional  model  of  impact-generated  plasma  that  incorporates  advcction  of  the  electrically 
conductive  plasma  as  well  as  electron  density  and  temperature  gradients  that  arc  expected  to  appear 
within  the  plasma  during  the  early  stages  of  vertical  meteoroid  impact.  Because  the  thermal  pressure 
gradients  that  generate  the  magnetic  field  of  equation  (1)  also  change  the  electron  kinetic  energy,  the 
evolution  of  electron  specific  (kinetic)  energy  (W)  needs  to  be  evaluated  (Pert,  1977;  Srnka  et  al.,  1979; 
Crawford  and  Schultz,  1992).  By  expressing  elecuon  temperature  (7)  in  terms  of  the  electron  specific 
energy  (VV)  a  system  of  coupled  partial  differential  equations  is  obtained  that  relates  the  evolving 
electron  energy  (W)  with  the  magnetic  field; 


^=VxvxB  +  VW'  X  Vn 

dt  3Ze  n 


-V  •  (VPv)  -7^-  W  Vn  ■  V  X  B 
dt  '  6nZde n 

=  advection  +  source 


(2) 

(3) 


where  d  is  the  ion  mass  density,  and  Z  and  m,-  are  the  average  ion  charge  and  mass  respectively.  This 
system  of  differential  equations  will,  under  certain  conditions,  exhibit  unstable  growth  primarily 
limited  by  the  finite  thermal  energy  density  (Pert,  1977;  Smka  et  al.,  1979).  It  may  well  be  that 
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magnetic  field  growth  reaches  the  limit  imposed  by  finite  thermal  energy  density  during  projectile 
penetration  and/or  cavitation  as  will  be  shown.  Although  energy  density  in  the  plasma  is  at  most 
weakly  dependent  on  projectile  size,  the  ratio  of  projectile  diameter  to  crater  diameter  for  gravity- 
limited  crater  growth  increases.  Consequently,  impact-generated  magnetic  fields  as  measured  (or 
experienced)  at  the  same  diameter-scaled  distance  may  have  significance  for  impact  craters  (especially 
large  craters)  on  Earth,  the  Moon  and  planetary  surfaces. 

Because  vertical  impacts  exhibit  azimuthal  symmetry,  a  cylindrical  coordinate  system  is  appropriate. 
For  a  first-order  semi-analytical  treatment,  we  consider  the  case  where  velocity  and  the  electron  specific 
energy  (W)  vary  only  as  functions  of  r  and  electron  number  density  (n)  varies  only  as  a  function  of  z 
(which  may  occur  at  the  interface  between  the  projectile  and  target  materials).  Under  cylindrical 
symmetry,  azimuthal  gradients  can  be  neglected.  Provided  the  initial  magnetic  field  (B)  is 
homogeneous  under  these  conditions,  it  will  vary  only  radially  at  later  time;  hence: 


lf=« 

(4a) 

0B-  1  d 

(4b) 

dBa  d  adn  3VV' 

if' -a^-rSe) -737-5: 

(4c) 

dW  W  d  ,  ,  dW  a  d/i  IV  d  ,  _  _ 

at  ■  ■  r  Sr  '  4nnd  dz  r 

(4d) 

where  a  = 

and  is  the  radial  velocity  component.  To  first  order,  the  radial  component  of  the  magnetic  field  docs 
not  change  with  time.  Provided  a  velocity  field  can  be  imposed,  the  vertical  component,  described  by 
equation  (4b)  only  depends  on  the  initial  conditions  and  can  be  treated  independently.  The  azimuthal 
component,  equation  (4c),  is  coupled  with  the  energy  equation  (4d)  via  the  last  (source)  terms  on  the 
right  hand  side  of  the  equations.  We  look  for  a  self-similar  model  solution  to  equations  (4c)  and  (4d). 


Fig.  5.  Idealized  model  of  impact-generated  plasma — configuration  during 
cavitation.  Within  the  transient  cavity,  the  plasma  fluid  velocity 
(characterized  by  Vq)  is  directed  inward  potentially  leading  to 
azimuthal  (Bg)  and  vertical  (B^)  field  growth  as  described  in  the  text. 
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In  an  idealized  model  of  impact-generated  plasma  (Fig.  5),  the  electron  specific  energy  has  a  radial 
dependence  due  to  the  curvature  of  the  projectile  whereas  the  electron  density  primarily  has  a  vertical 
dependence  due  to  vertical  compositional  variations  (c.g.  the  compositional  contrast  between  projectile 
and  target  or  compositional  layers  within  the  projectile  and/or  target). 

The  coordinates  t,  r  and  z  can  be  expressed  with  their  dimensionless  forms  (i',  r'  and  zO  as: 


t  =  t‘RplVp  (5a) 

r  =  r’Rp^{0  0<r’<l  (5b) 

z  =  z'L'F(0  0<z'<l  (5c) 

and  thereby:  dt  =  dt'Rp  /  (6a) 

dr^dr’Rp'ViO  (6b) 

d2  =  dz’L  (6c) 


where  Rp  is  projectile  radius,  Vp  is  projectile  velocity,  L  is  the  length  scale  over  which  significant 
vertical  gradients  in  electron  density  occur  and  H'(i')  is  a  dimensionless  scaling  factor. 

A  straightforward  dimensional  analysis  of  equations  (4c)  and  (4d)  yields  a  unique,  self-similar  radial 
dependence  for  the  radial  fluid  velocity  (v^),  the  azimuthal  magnetic  field  (Bq)  and  the  electron  specific 
energy  (W).  These  self-similar  solutions  have  the  form; 

v,(r')  =  Vor'  (7a) 

fie(r'.0  =  6(0r'  (7b) 

W{r\t')  =  £(r’)  (7c) 

with  0  <  r'  <  1.  Applying  the  coordinate  transformations  described  in  equations  (5)  and  (6)  and 
substituting  equations  (7)  into  (4c)  and  (4d).  we  find: 

db 

^  =  -2q/>-KE  (8a) 

dz  K 

=  advection  +  source 


where 

and 


g  1  dn  a 
DV^vSndz’"  DV^V' 

p  p 


(9) 

(10) 


During  the  cavitation  phase  of  crater  growth(<  10-30  RpIVp  for  vertical  impacts),  the  impact-generated 
vapor/plasma  is  confined  to  a  cavity  (Fig.  5)  with  characteristic  dimension  Rq  «:  Rp  (see  O'Keefe  and 
Ahrens,  1977).  Much  of  the  fluid  flow  field  is  directed  inward  with  characteristic  radial  velocity  -Vq  so 
that  q  <  0.  Since  the  plasma  is  confined  to  a  small  cavity,  R^  =  ^Rp,  with  'l'(t)  a  constant  on  the  order 
of  2-3  (estimated  from  O'Keefe  and  Ahrens,  1977).  Hence,  for  this  first-order  model,  q  is  a  constant 
during  cavitation.  In  reality,  q  is  dependent  on  the  growth  rate  of  the  transient  cavity  and  the  velocity 
distribution  within  the  plasma  as  realized  by  the  range  of  q  values  given  in  Table  1.  If,  during 
cavitation,  fluid  motion  acts  to  homogenize  the  plasma,  then  the  effective  electron  density  gradient 
(~1/L)  would  decrease  from  a  scale  invariant  starting  value  (initially  strongest  across  the  contact 
between  the  projectile  and  target  materials)  to  a  value  proportional  to  ~\IRp  and  tc  would  decrease 
proportionately.  For  the  following  calculations,  we  use  the  latter  definition  of  k. 
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Table  1.  Parameters  of  the  first-order  cavitation  model. 


rameter 

Value 

Units 

Definition 

1-10'^ 

cm 

projectile  radius 

106 

cm/s 

projectile  velocity 

Ro 

2-3/?, 

cm 

transient  cavity  size  (during  cavitation) 

Vo 

3x105 

cm/s 

characteristic  fiuid  velocity 

L 

10-*  - 10® 

cm 

vertical  gradient  length  scale  (see  text) 

2-3 

dimensionless 

RJ^P  (during  cavitation) 

a 

10-5 

g-cm/esu-s 

see  equation  (4) 

n 

-0.2  -  0.5 

dimensionless 

normalized  fluid  velocity  (VV'FV,) 

K 

io->®  -  10-’ 

g/esu-cm 

~ct/L4'^V,  (see  text) 

d 

10® 

g-cm-5 

plasma  density  (ionic  mass  per  cm^) 

b(0) 

0 

G 

initial  magnetic  field  strength 

^max 

1  -103 

G 

energy-limited  field  strength  -  {nkTji^R- 

e(0) 

10" 

ergs/g 

initial  plasma  specific  energy 

Equations  (8a)  and  (8b)  were  numerically  integrated  with  fourth-order  Runge-Kutta  using  the 
parameters  shown  in  Table  1.  With  no  initial  magnetic  field  (6(0)  =  0),  exponential  field  growth  occurs 
with  time  (Fig.  6).  Many  solutions  (ti  <  0.2)  eventually  reach  a  singularity  where  infinite  field  growth 
can  occur  (in  reality,  limited  by  conservation  of  energy).  Pert  (1977)  studied  this  instability  for  the 
advectionless  case  (tj  =  0).  As  shown  by  the  cavitation  solutions  (ti  =  -0.1;  lO*'^  S  k  <  10'^  ^esu-cm) 
depicted  in  Fig.  6,  the  magnetic  field  generally  reaches  an  energy-limited  value  (b^  ~  (jikT)^^)  or 
leaves  the  cavitation  regime  prior  to  reaching  the  region  of  instability.  It  is  important  to  note  that  the 
time  required  for  the  magnetic  field  to  reach  its  energy-limited  value  has  only  a  weak  dependence  on 
K.  Varying  k  from  10‘^  (-0.1-1  cm  projectiles)  to  (-10-100  km  projectiles)  delays  attainment  of 
the  energy-limited  field  level  by  only  a  factor  of  -80.  It  is  likely  that  only  for  the  largest  impacts  will 
field  growth  not  achieve  the  energy-limited  value  during  cavitation. 

Cavitation  may  also  induce  (nonlinear)  amplification  of  the  ambient  field  as  shown  schematically  in 
Fig.  5.  Due  to  azimuthal  symmetry,  the  source  term  of  equation  (4)  will  contribute  to  growth  of  the 
azimuthal  magnetic  field.  The  advection  term,  however,  can  contribute  to  the  vertical  field  as  well.  By 
only  considering  the  advection  terms  of  equations  (4),  the  azimuthal  field  component  (Bg)  and  the 
vertical  field  component  can  be  treated  independently  by  considering  solutions  of  the  form; 


v/r')  =  -V'  (11a) 

=  (11b) 

B,ir\n  =  b,inr’'^  (11c) 

Substituting  (1 1)  into  (4)  and  applying  the  coordinate  transformations  of  equations  (6),  we  obtain 

dbg 

-^={m+\yr\bQ  (12a) 

db 

~  =  -(/i+2)Tib,  (12b) 


where  7i  was  defined  previously  in  equation  (9).  During  cavitation  (T)  <  0),  the  magnetic  field  will 
grow  exponentially  as: 

bg  =  bj  exp(-(/w+l)Ti/T  (13a) 

bj  =  b2  exp(-(n+2)Tl/T  (13b) 

hence  the  amplification  factor  depends  on  ti,  m  and  n.  To  first  order,  the  ambient  vertical  field  is  fiat, 
n  =  0,  and  the  azimuthal  field  has  the  self-similar  form  of  equation  (7b),  m  =  1.  With  t|  -  -0.1  and 
~  20  (during  cavitation),  the  initial  field  will  be  amplified  -50  times.  More  amplification  is 
possible  with  higher  cavitation  velocities  and/or  longer  cavitation  times.  On  the  lunar  surface,  where 
the  ambient  field  is  0-5  mG,  amplified  vertical  fields  of  up  to  0.2  G  may  be  produced  in  this  way. 
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Fig.  6.  The  azimuthal  component  of  the  plasma's  internal  magnetic  field  as  a 
function  of  dimensionless  time  during  cavitation.  The  field  has  been 
plotted  for  tj  =  -0.1  and  a  range  of  k  values  (k  =  10'^  corresponds  to 
0.1-1  cm  projectiles  and  k  =  lO"*^,  10-100  km  projectiles).  In  reality, 
field  intensity  will  not  increase  beyond  the  energy-limited  region 
(horizontal  d^ed  lines)  nor  beyond  the  time  of  cavitation  (10-30 
RpfVp,  vertical  dashed  lines).  Later,  during  plasma  expansion,  the 
field  will  decay  as  discussed  below  (not  shown). 


At  late  time  (i.e.,  after  projectile  penetration/cavitation)  the  plasma  is  freely  expanding  with  velocity 
Vq.  We  consider  solutions  of  the  form  described  by  equations  (1  la),  (1  lb)  and  (11c)  with: 


^0 

'F(o  =  i+ir'' 


(14) 


At  late  time,  the  source  term  can  be  neglected  and  the  azimuthal  and  vertical  magnetic  field 
components  can  be  described  by  a  pair  of  ordinary  differential  equations: 


dba  ba 

=  +  (15a) 

db,  b, 

(15b) 

where  the  constants  bi  and  62  are  determined  by  the  magnetic  field  strength  achieved  at  die  end  of 
projectile  penetration/cavitation.  Stricdy  speaking,  the  decay  rates  are  dependent  on  the  radial  distri¬ 
bution  of  Bq  and  at  the  end  of  projectile  penetration/cavitation.  To  first  order,  fig  has  a  linear 
dependence  on  r  (m=l)  due  to  the  self-similar  form  of  equadon  (7b),  whereas  fij,  ultimately,  depends 
on  the  distribudon  of  the  ambient  field  (which  will  likely  be  flat  over  the  typical  impact  s^e,  n=0). 
Hence,  the  azimuthal  and  verdcal  fields  will  exhibit  late-time  (t » tg)  decay  propordonal  to  r^. 


In  summary,  first-order  theoredcal  modeling  predicts  that  during  projecdle  penetradon  s^ntaneous 
magnedc  fields  can  be  produced  from  nonaligned  electron  density  and  temperature  gradients.  Due  to 
the  inward  directed  flow  that  appears  in  pordons  of  the  impact-generated  plasma  during  cavitadon, 
amplificadon  of  the  ambient  and  spontaneous  fields  also  may  occur.  Uldmately,  the  exponential  field 
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growth  is  limited  by  the  finite  duration  of  projectile  penetralion/cavitation  or  by  the  finite  electron 
energy  density.  At  late  time,  impact-generated  plasma  expands  freely  thereby  leading  to  decay  of  the 
magnetic  field  proportional  to  where  ^  is  a  constant  that  depends  on  the  field's  radial  dependence. 
A  self-similar,  one-dimensional  solution  for  radially  expanding  plasma  predicts  4  =  2. 

CONCLUSION 

The  configuration  and  duration  of  impact-generated  magnetic  fields  have  a  strong  dependence  on 
impact  angle,  as  demonstrated  in  Fig.  3.  Impact-generated  magnetic  fields  exhibit  a  regular  transition 
from  a  cylindrically  symmetric  field  configuration  at  vertical  incidence  to  a  strong  bilaterally  anti¬ 
symmetric  field  configuration  at  high  obliquity.  During  oblique  impacts,  stronger  fields  within  the 
target  could  result  simply  from  the  close  proximity  of  impact-generated  plasma  to  the  target  surface, 
from  a  fundamental  change  in  the  field  production  mechanism  within  the  plasma,  or  from  increased 
vaporization  (Schultz,  1988;  Schultz  and  Gault,  1990a)  yielding  a  greater  volume  of  magnetized 
plasma.  Although  this  could  not  be  directly  resolved  with  the  data  obtained,  the  correlation  with 
increased  vaporization  at  low  angles  is  intriguing  (e.g.  Fig.  4).  In  addition,  the  configuration  and 
duration  of  impact-generated  magnetic  fields  have  been  shown  to  depend  on  impact  velocity  and 
projectile  and/or  target  composition  (Crawford  and  Schultz,  1991). 

With  the  expected  increase  of  vapor  and  plasma  production  at  higher  velocities  (O'Keefe  and  Ahrens, 
1977;  Kissel  and  Krueger,  1987),  it  is  reasonable  that  magnetic  fields  produced  by  25  km/s  impacts 
may  be  ten  times  stronger  than  those  from  5  km/s  experimental  impacts.  Provided  this  assumption 
holds  true,  the  data  m  Fig.  3  can  be  extrapolated  using  gravity  scaling  coupled  with  the  self-similar 
field  decay  model  of  equation  (15).  For  10-100  km  craters  formed  by  25  km^  impacts,  magnetic  field 
strengths  of  perhaps  0.03-0.3  G  lasting  several  minutes  or  more  are  possible  at  a  distance  of  1-2  crater 
diameters  from  the  impact  point  Because  cavitation  may  occur  for  the  majority  of  impacts  on  the 
lunar  surface  (with  impact  angles  greater  than  -15®  from  horizontal),  amplification  of  the  local 
ambient  magnetic  field  may  occur  as  well.  These  first-order  estimates  of  magnetic  field  intensities  are 
within  the  range  of  paleointensity  values  determined  for  certain  relatively  young  (3  Ma  -  1.5  Ga)  lunar 
samples  (Sugiura  et  al.,  1979;  Cisowski  et  ai,  1983;  Collinson,  1984)  and  more  generally  may  help 
account  for  part  of  the  lunar  magnetic  record,  especially  during  the  last  -3.6  billion  years.  Ongoing 
experimental  work  is  being  conducted  to  more  precisely  determine  the  scaling  dependence. 

A  remnant  of  the  impact-generated  magnetic  field  can  be  induced  within  the  target  material  by  the 
passage  of  the  impact-induced  shock  wave  (Cisowski  et  ai,  1975,  1976;  Wasilewski,  1981)  or  by 
cooling  through  the  Curie  point  of  small  portions  of  impact  melt  or  hot  target  material.  During  oblique 
impacts,  spalled  fragments  of  the  projectile  may  impact  further  downrange,  thereby  inducing  an 
additional  shock  and/or  thermal  remanence  (Schultz  and  Gault,  1990a,  b).  Because  of  these 
dependencies,  remnant  impact-generated  magnetic  fields  could  be  a  useful  geophysical  tool  for  the 
study  of  impact  craters  on  the  Earth  and  planetary  surfaces  by  helping  to  determine  the  impact  angle, 
direction  and  composition  of  the  impaclors.  Furthermore,  an  understanding  of  the  complex 
contribution  of  impact-induced  magnetism  to  the  magnetic  state  of  solid  body  surfaces,  in  general,  and 
the  lunar  surface,  in  particular,  is  necessary  to  assess  the  role  of  internally  derived  fields  such  as  that 
due  to  a  core  dynamo  and  may  help  to  define  future  magnetic  survey  missions  to  the  solid  surface 
planets,  satellites  and  asteroids. 
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ABSTRACT 

The  impact  of  long  rod  kinetic  energy  penetrators  and  shaped  charge  jets  on  homogeneous  targets 
is  investigated.  In  particular  the  effects  of  a  random  off-axis  velocity  component  on  the  penetration 
achieved  are  analyzed.  The  mm  of  this  study  is  to  consider  the  case  where  the  off-axis  velocity 
component  takes  a  uniform  value  W  along  the  rod  or  jet. 

It  is  assumed  that  penetration  takes  place  according  to  the  classical  hydrodynamic  penetration  law, 
and  that  it  continues  either  until  the  projectile  material  is  exhausted  or  until  a  side  wall  collision 
occurs.  The  penetration  is  evaluated  as  a  function  of  a  reference  coordinate  q  defined  along  the 
projectile,  and  the  corresponding  crater  radius  distribution  R(q)  calculated,  on  the  assumption  that 
W  is  zero.  The  locus  of  the  penetration  stagnation  point  S  corresponding  to  the  true  value  of  W  is 
then  determined  as  a  function  of  q  and  a  re>ised  crater  profile  is  calculated  with  radius  R(q),  centred 
on  S.  We  determine  whether  a  side-wall  collision  occurs,  and  calculate  the  fmal  penetration,  P.  The 
probability  that  P  exceeds  a  given  value  Pq  is  found.  We  then  determine  the  expected  value  of  P  and 
investigate  parameter  variations  to  maximize  this  value. 


INfRODUCTION 

Over  the  last  decade  there  has  been  increasing  interest  in  identifying  the  causes  of  degraded 
penetration  performance  of  long  rod  penetrators  and  shaped  charge  jets  impacting  on  homogeneous 
targets  (Brown,  1990).  For  the  latter  type  of  penetrator  it  has  emerged  that  the  main  cause  appears 
to  be  the  tendency  of  the  jet  to  collide  with  the  side  wall  of  the  crater  it  is  in  the  process  of  forming. 
Such  collisions  can  occur  in  principle  when  the  jet  is  still  intact  or  after  the  onset  of  break-up.  They 
arise  because  there  is  a  distribution  of  off-axis  velocity  along  the  length  of  the  jet  caused  by  small 
asymmetries  introduced  in  the  manufacturing  process  or  by  inherent  imhomogeneities  in  the 
explosive.  The  effect  of  these  side  wall  impacts  is  to  reduce  the  penetration,  because  all  or  part  of 
the  contribution  that  a  particle  hitting  the  side  would  have  made  at  the  bottom  of  the  crater  is  lost. 
We  believe  this  accounts  for  the  characteristic  penetration  versus  stand-off  ciure  observed 
experimentally,  which  rises  rather  like  a  sinusoidal  function  from  a  non-zero  value  at  zero  stand-off 
to  reach  a  maximum  value  l>efore  eventually  decaying  (Brown,  1990)  like  an  exponential  or 
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hyperbolic  function  . 

This  problem  of  the  decrease  in  penetration  with  increasing  stand-off  has  been  considered  previously 
by  Smith  (1981),  who  applied  the  Monte  Carlo  technique  to  the  effects  of  tumbling,  off-axis  motion 
(wavering),  and  break-up.  All  three  phenomena  were  treated  as  stochastic  processes.  Appropriate 
choices  of  the  statistical  parameters  enabled  the  prediction  of  penetration  versus  stand-off  curves  in 
good  agreement  with  experimental  results.  Recent  studies  reported  by  Brown  (1990)  show  that  it 
is  sufneient  to  consider  only  the  latter  two  phenomena  to  obtain  a  satisfactory  fit  of  the  experimental 
data. 

In  the  light  of  the  above  considerations  it  seemed  logical  to  investigate  the  effects  of  off-axis  motion 
in  isolation  as  a  step  towards  a  full  understanding  of  the  processes  underlying  the  degradation 
phcu.,.nenon.  Moreover,  it  is  natural  to  commence  with  the  analysis  of  an  ideal  jet  which  does  not 
break  up,  to  gain  a  clear  understanding  of  the  basic  ideas.  The  same  motivation  led  us  to  consider 
first  the  simplest  possible  case  of  a  non-stretching  jet  -  essentially  a  long  rod  kinetic  energy 
penetrator.  We  follow  Smith  (1981)  in  considering  the  off-axis  speed  as  a  random  variable. 
However,  we  perform  analytical  studies  without  recourse  to  the  technique  of  Monte-Carlo  simulation, 
for  both  the  long  rod  and  the  idealized  jet. 

This  strategy  yields  several  important  benefits.  In  eac  e  it  is  possible  to  derive  explicit  analytical 
formulae  for  the  probability  that  the  penetration  will  exceed  a  given  arbitrary  value  Pq  and  for  the 
expected  value  of  the  penetration.  Once  the  formula  for  the  expected  value  of  the  penetration  is 
available  it  is  then  possible  to  consider  parametric  variations  to  maximise  this  value.  In  other  words, 
it  becomes  possible  to  seek  to  optimize  the  penetration  performance  with  respect  to  such  variations. 
In  this  paper,  we  confine  our  attention  to  what  we  consider  to  be  the  most  important  parameter  - 
namely  the  initial  ratio  of  the  penetrator  length  to  penetrator  diameter 

The  means  of  optimizing  the  penetration  achieved  by  a  shaped  charge  jet  has  been  sought  previously 
without  success  -  we  believe  because  the  significance  of  the  off-axis  effects  was  not  understood.  In 
the  absence  of  any  treatment  of  off-axis  motion  the  penetration  achieved  by  both  rod  and  jet  can  be 
made  arbitrarily  large  for  a  given  volume  simply  by  reducing  the  ratio  of  the  diameter  to  the  length, 
if  the  hydrodynamic  penetration  law  holds.  Once  off-axis  motion  can  occur  then  this  may  no  longer 
be  true. 

There  is  only  a  limited  amount  of  data  available  on  the  off-axis  motion  of  shaped  charge  jets.  The 
reason  for  this  is  the  high  cost  of  conducting  experiments  using  the  available  techniques  of  flash  X- 
ray  radiography  and  synchro-streak  photography.  Accordingly,  in  this  preliminary  analysis  the  simple 
choice  of  a  constant  value  for  the  off-axis  speed  along  the  rod  or  jet  is  a  natural  one.  We  also 
assume  that  penetration  occurs  according  to  the  classical  hydrodynamic  law  first  proposed  by  Hill, 
Mott  and  Pack  (1944),  modified  by  our  treatment  of  the  collisions  on  the  side  wall  of  the  crater.  The 
dynamic  yield  strength  of  the  penetrator  and  target  materials  is  assumed  negligible  in  comparison 
with  the  pressures  generated  at  the  interface  between  the  penetrator  and  the  target.  An  energy- 
volume  constant  is  used  for  predicting  the  radius  of  the  crater  made  by  the  penetrator. 


PENETRATION  OF  A  LONG  ROD  WITH  A  UNIFORMLY  DISTRIBUTED  OFF- 
AXIS  VELOCITY 

Consider  a  long  rod  impacting  on  a  homogeneous  metal  target.  Suppose  that  the  rod  is  cylindrical 
in  shape  and  that  it  moves  with  components  of  velocity  of  V  in  the  axial  direction  and  W  in  the  off- 
axis  direction.  Let  its  density  be  denoted  by  Pj,  and  let  its  length  and  radius  be  L  and  rj  respectively. 
The  geometry  of  the  impact  is  shown  in  Fig.l. 
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Fig.l  Penetration  of  a  long  rod  with  a  uniform  off-axis  velocity  component 
W  into  an  homogeneous  target.  The  element  initially  at  N  contributes 
to  the  penetration  at  S,  the  stagnation  point. 


Let  the  point  where  the  centre  of  the  circular  front  cross-section  of  the  rod  hits  the  target  of  density 
Pj  be  A.  It  is  convenient  to  defme  a  Cartesian  coordinate  system  with  the  x-direction  parallel  to  the 
axis  of  the  rod,  the  y-direction  parallel  to  the  off-axis  velocity  component  W,  and  the  origin  at  A. 
It  is  also  convenient  to  define  a  length  coordinate  q  measuring  the  distance  from  the  tip  of  the  rod 
at  the  time  of  impact. 

We  assume  that,  in  spite  of  the  presence  of  the  off-axis  velocity  component,  the  rod  penetrates  in 
the  x-direction  according  to  the  classical  hydrodynamic  root  density  law  first  proposed  by  Hill,  Mott 
and  Pack  (1944).  We  use  this  simple  law  in  this  preliminary  exploration  of  the  theory,  with  the 
intention  of  investigating  other  long  rod  penetration  algorithms,  particularly  that  of  Tate  (1%7)  later. 
Figtire  1  depicts  the  way  the  crater  formed  by  the  rod  is  displaced  in  the  y-direction.  The  point  N 
on  the  rod  axis  initially  at  the  distance  q  from  A  arrives  at  the  so-called  stagnation  point  S  with 
coordinates  (P(q),y,(q))  at  a  time  t,  say,  after  the  impact.  Here  P(q)  is  the  penetration  achieved  by 
the  portion  AN  of  the  rod.  The  equation  describing  the  locus  of  this  point  is 

y  *  tan  Q{x*q)  .  (1) 

The  angle  6  between  NS  and  the  x-axis  must  take  as  its  tangent  the  ratio  of  the  velocity  components. 

Thus 


tan  6  =  -?  .  (2) 

Use  of  the  hydrodynamic  penetration  law  given  by 

Piq)  =  {-^)'‘<?  (3) 

Pt 

yields 


y,(Q)  =  = 


WP[q) 

U 


where  the  speed  of  penetration  U  is  given  by 


(4) 


y  =  U  [l+(£l)»]  .  (5) 

Pj 

We  suppose  that  the  crater  made  by  the  rod  is  of  circular  cross-section  for  all  sections  taken  normal 
to  the  x-ans.  We  apply  the  concept  of  the  hole-volume  constant  to  derive  a  relationship  between  the 
radii  of  the  rod  and  crater  in  the  form 
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Rc  =  DVrj  -  irj  ,  (6) 

where  D  is  a  constant. 

With  the  above  basic  equations  established  we  now  perform  an  analysis  to  determine  whether  a  side- 
wall  collision  can  occur.  In  this  simple  case  it  is  clear  that  if  a  side  wall  collision  happens  then  it 
must  occur  at  the  point  X  when  W  is  greater  than  zero  (cf.Fig.1.).  This  is  because  the  line  RP  is 
always  parallel  to  the  x-axis  and  X  is  the  point  having  the  lowest  y-coordinate  on  the  side  wall  which 
the  rod  is  moving  towards.  The  equation  describing  the  straight  line  along  which  the  point  R  moves 
is 

y*  =  *  Tj  .  (7) 

The  condition  that  the  rod  will  pass  down  the  hole  it  makes  without  fouling  on  X  is  found  by  setting 
X  to  zero  in  this  equation  and  imposing  the  inequality  that  y^  is  less  than  the  radius  R^  of  the  crater. 
Thus 


yJO)  -  ■  (8) 

There  is  a  corresponding  condition  that  holds  when  W  is  less  than  zero,  namely 

^  <  Rc-  rj  .  (9) 

Equations  (8)  and  (9)  may  be  combined  to  yield  the  following  condition  that  the  rod  penetrate  to 
its  full  length: 


|V  1  <  ^ ,  (10) 

where  W*  is  defmed  by  the  equality.  If  W  is  uniformly  distributed  in  the  range  (-Wy,  Wy)  then  the 
probability  p^  that  all  the  rod  contributes  is  given  by 


A 

*fv 

1 

»A  > 

*fu 

(11) 


We  now  derive  a  general  expression  for  the  penetration  in  the  event  that  a  side  wall  collision  occurs. 
We  suppose  that  once  a  collision  has  happened  then  no  further  penetration  may  take  place.  This 
assumption  is  made  looking  ahead  to  the  treatment  of  the  shaped  charge  jet  for  which  it  is  known 
to  be  a  reasonable  working  hypothec  (Brown,  1990).  It  may  be  desirable  to  enhance  tlus  approach 
when  treating  long  rods  themselves.  Let  the  element  of  the  rod  initially  at  a  distance  qg  from  A 
collide  with  the  wall  at  X.  Then  qQ  satisfies 


y,(<3ro) 

and  after  use  of  eq.(4)  we  have 

-  O 

Pr 


(12) 

(13) 


This  equation  has  a  solution  only  when  W  >  W^,  that  is  when  the  inequality 


w 


i  L 


(14) 


is  satisfied.  This  is  written  as 


Hl'ft’cls  t>t  rand<mi  otT-axis  speed  i>n  penelraiion 
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Pj, 

or 

qo*P{Qo)  i  L  , 

where  the  latter  form  is  perhaps  the  more  readily  interpreted  when  one  considers  Fig.2. 
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Fig.2  The  geometry  of  the  side  wall  collision  for  the  rod. 


The  sought  general  expression  for  the  penetration  is  given  by 

P<3b  2  1*^  I  i 

PlorJ  =  pL  IW  1  <  <  Wt, 


pL 


where  we  have  introduced  the  parameter  m  given  by 


(17) 


p=(-^)'‘  .  (18) 

Pt 

There  is  a  discontinuity  in  the  penetration  at  W  =  W^.  This  arises  as  a  result  of  our  assumption  that 
the  penetration  process  ceases  as  soon  as  a  side  wall  collision  occurs.  Through  the  use  of  eqs.(6), 
(13)  and  (18)  eq.(17)  may  be  written  in  terms  of  rj,  W  and  ^  as 


F{«3b)  - 


pV(X-l)rj 
(1+p) W 
pL 
pL 


W„V:\W\iW^ 

>  */u 


(19) 


The  above  expression  for  the  penetration  will  be  used  to  calculate  the  expected  penetration  for 
several  probability  distributions.  However,  we  first  calculate  the  probability  that  the  penetration 
exceeds  a  given  arbitrary  value. 


PROBABILITY  THAT  A  GIVEN  DEPTH  BE  EXCEEDED 


For  the  consideration  of  the  calculation  of  the  probability  that  an  arbitrary  depth  of  penetration  be 
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exceeded  it  is  convenient  to  work  with  eq.(19)  in  the  form 

\VI\< 

K,  >  *fv 

since  we  are  concerned  here  only  with  the  random  variable  W.  The  cases  of  W*  >  and 
must  be  treated  separately.  For  the  former  case  the  penetration  is  always  given  by 


P  =  . 

Thus  the  probability  that  P  exceeds  Pq  is  given  by 

(21) 

1  Po  ^ 

P(P^Pq)  = 

0  Po  >  pL 

(22) 

Where  the  first  two  cases  of  eq.(20)  apply.  For  the  first  of  these  two  the  penetration  lies 

in  the  range 


V-LW^ 

P  =  pL 

pL 


(l+k)  Wt, 


S  P  s 


-JL4-. 

(i*p) 


(23) 


For  the  second  the  penetration  takes  the  value  stated  in  eq.(20).  The  minimum  value  that  P  may 
take  is  given  by  the  lower  limit  of  the  two-sided  inequality  (23).  Therefore  if  Pq  is  less  than  or  equal 
to  this  value  then  the  penetration  P  will  always  exceed  Pq.  Now  consider  the  circumstances  in  which 
the  upper  limit  of  the  inequality  (23)  is  exceeded  by  P.  This  can  only  occur  when  the  second  case 
of  eq.(20)  applies,  when  P  satisfies  eq.(21).  The  probability  of  this  case  holding  is  given  by 


p<|  ly  1  ^  .  (24) 

"a 

Here  we  have  assumed  that  W  is  uniformly  distributed  as  before,  and  have  availed  ourselves  of  the 
symmetry  of  the  distribution  as  convenient.  It  remains  to  consider  the  case  where  Pq  lies  within  the 
range  (23).  Let  us  dcfme  a  critical  value  of  W,  Wq,  given  by 


Vr,  = 


Then  the  probability  that  P  lies  between  Pq  and  the  upper  limit  of  the  range  (23)  is  given  by 


^  =  Pdir^  s  I  nr  I  s  Wq)  =  =  (  — 

The  probability  that  P  exceeds  Pq  is  simply  the  sum  of  the  probabilities  (24)  and  (26). 


(25) 


(26) 


All  of  the  above  information  can  be  summarised  in  the  following  single  equation  giving  the  desired 
probability  for  each  of  the  four  possible  ranges  of  values  for  Pq: 


P{P^Po)  = 


O 


Po  >  pL 


pL  i  Pq  > 


_jlL_ 

(l>p) 


(1>P)PqVq  (1>P)Wq 


(27) 


1 


(i-pinry 


>  Po 
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Equations  (22)  (W^  >  W^)  and  (27)  (W^  s  Wy)  cover  all  the  possibilities. 

We  may  consider  the  same  problem  but  with  W  distributed  according  to  a  truncated  normal 
distribution.  The  derivations  of  the  probability  that  the  entire  rod  contributes  to  the  penetration  and 
of  the  probability  that  P  exceeds  Pq  are  directly  analogous  to  those  for  the  uniform  distribution. 

The  results  of  this  section  show  how  an  understanding  of  the  statistics  of  the  random  off-axis 
component  of  velocity  can  be  used  to  calculate  the  probability  of  penetrating  a  given  depth  into  a 
chosen  target  material. 


CALCULATION  AND  MAXIMIZATION  OFTHE  EXPECTED  PENETRATION  OF 
THE  ROD 


Consider  the  calculation  of  the  expected  penetration  and  the  problem  of  maximising  it  by  varying  the 
radius  and  length  of  the  rod  so  as  to  keep  its  volume  and  hence  mass  and  kinetic  energy, 
constant.  The  same  eq.(19)  for  the  penetration  is  used  for  both  the  uniform  and  truncated  normal 
distributions.  The  forms  of  the  expected  value  are  of  course  dependent  on  the  particular  choice  of 
distribution. 


For  both  distributions  we  note  that  is  dependent  on  Tj  and  L  through  eq.(lO).  Let  us  consider 
first  the  third  case  in  eq.(19).  Substituting  the  expression  for  into  the  inequality  >  Wy 
holding  for  this  case  and  using  the  constant  volume  relation 


we  obtain  after  simple  manipulation  the  inequality 


(28) 


rj  >  ( 


1/3 


(29) 


This  inequality  provides  a  lower  bound  above  which  Tj  must  lie  in  order  that  all  the  rod  contribute 
to  the  penetration.  Below  this  bound  side  wall  collisions  occur  at  X  in  Fig.l,  and  one  of  the  Hrst  two 
cases  in  eq.(l9)  applies.  Corresponding  to  the  above  lower  bound  on  rj  is  an  upper  bound  on  L, 
since  eq.(28)  must  be  satisfied.  Since  the  penetration  is  directly  proportional  to  L  through  the  third 
of  the  cases  in  eq.(19)  it  also  must  be  bounded  above.  The  bound  may  be  written  explicitly  as 


V  V*  (1-1  )  2 

P»F[P]<p(— 5 — .  (30) 

As  the  expected  penetration  and  all  possible  values  of  the  penetration  are  one  and  the  same  for  this 
case  we  have  included  this  equality  in  eq.(30).  It  gives  the  maximum  penetration  that  can  be 
obtained  by  reducing  the  radius  of  the  rod,  ie  increasing  the  length/diameter  ratio,  before  a  side  wall 
collision  occurs. 


The  question  arises  naturally,  whether  it  is  possible  for  this  value  to  be  exceeded  even  if  a  side  wall 
collision  occurs.  To  answer  this  question  we  must  write  down  the  expected  value  of  the  penetration 
when  Wa  i  Wy  for  both  of  the  distributions.  For  both  the  expected  value  is  found  by  integrating  the 
product  of  the  appropriate  form  of  the  penetration  (given  in  the  Hrst  two  cases  of  eq.(19))  with  the 
probability  density  function.  Commencing  with  the  uniform  distribution  we  have 


life 


pi) 


where  we  have  used  the  symmetry  of  the  distribution  to  allow  us  to  consider  positive  values  of  W 
only.  After  evaluating  the  integrals  the  expected  value  reduces  to 
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£[P]  = 


tiWA-prj 


- 


(32) 


Elimination  of  L  using  eq.(28),  of  by  eq.(lO),  and  of  enables  us  to  write  the  right-hand  side 
of  this  equation  as  a  function  of  Tj  as  the  only  variable,  so  that  it  reduces  to 


in  -11  .  (33) 

It  is  now  straightforward  to  seek  a  maximum  of  E(P]  by  differentiating  the  right-hand  side  of  eq.(33) 
with  respect  to  Tj,  equating  the  resulting  expression  to  zero,  and  solving  for  Tj.  The  solution  must 
lie  in  the  range  that  is  complementary  to  (29),  namely 


( 


iiV(A-l) 


ii/J 


(34) 


in  order  that  it  be  meaningful,  if  we  are  seeking  it  in  the  case  where  <  W^.  In  fact  we  fmd  that 


so  that  the  inequality  is  satisfied  provided  ^  s  2,  Substituting  this  result  into  eq.(33)  yields  the 
following  result  for  the  maximum  expected  penetration; 


ElP]^ 


3ii  exp(p-2)  ^^3 


(36) 


Dividing  the  right-hand  side  of  this  result  by  the  right-hand  side  of  the  inequality  (30)  we  observe 
that  the  maximum  penetration  with  a  side  wall  collision  exceeds  that  without  one  provided  the 
following  inequality  holds: 


(exp(p-2))^/^  >  1  .  (37) 

Let  us  consider  some  examples.  Suppose  first  that  the  rod  and  target  materials  are  the  same.  Then 
M  =  1  and  the  left-hand  side  of  the  inequality  (37)  takes  the  value  1.0747,  confirming  that  for 
maximum  penetration  a  side  wall  collision  occurs.  Now  consider  a  copper  long  rod  and  steel  target. 
Taking  89001^/m^  and  7860kg/m^  as  the  densities  of  copper  and  steel  respectively,  we  find  that  a 
=  1.0641  and  that  the  left-hand  side  of  the  inequality  (37)  takes  the  value  1.0639.  Once  again  the 
penetration  is  made  greater  by  allowing  the  side  wall  collision  to  occur. 


It  is  of  interest  to  consider  the  sensitivity  of  these  results  to  the  choice  of  probability  distribution, 
therefore  we  repeat  our  analysis,  this  time  using  the  truncated  normal  distribution. 


Again  it  is  found  that  the  maximum  penetration  with  a  side  wall  collision  exceeds  that  without  one 
provided  the  ratio  analogous  to  the  left  hand  side  of  inequality  (37)  exceeds  unity. 


As  an  example  a  plot  of  this  ratio  is  shown  in  Fig3  for  values  of  the  standard  deviation  a  of  the 
underlying  normal  distribution  ranging  from  Sm/s  to  lOOm/s  where  the  truncation  limit  is  SOm/s. 
Here  the  rod  is  made  of  copper  and  the  target  of  steel.  We  observe  that  for  small  values  of  a  the 
maximum  achievable  penetration  with  a  side  wall  collision  exceeds  the  maximum  possible  with  no 
collision  eg  by  a  factor  of  4  for  «  =  5m/s.  The  curve  asymptotically  approaches  the  result  given 
above  for  the  uniform  distribution,  namely  1.0639,  as  a  increases,  demonstrating  the  consistency  of 
the  analysis. 
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Fig3.  Plot  of  the  ratio  of  the  maximum  expected  penetration  with  a  side  wall 
collision  to  the  maximum  penetration  with  no  collision,  as  a  function  of 
the  standard  deviation  a  of  the  normal  distribution  prior  to  truncation. 
The  figure  shows  that  the  results  for  the  uniform  distribution  are 
approached  asymptotically  as  a  increases. 


PENETRATION  OF  A  SHAPED  CHARGE  JET  WITH  UNIFORM  OFF-AXIS 
VELOCITY  DISTRIBUTION 

Consider  the  impact  of  a  stretching  shaped  charge  jet  on  a  homogeneous  target  as  shown  in  Fig.4. 
The  stretching  brings  about  a  diminution  of  the  radius  of  the  crater  as  the  penetration  increases. 
We  retain  the  assumptions  about  the  penetration  process  made  above  for  the  rod,  but  take  account 
of  an  assumed  linear  decrease  in  the  axial  velocity  of  the  jet  with  increasing  length  coordinate  q, 
defined  as  before  for  the  initial  state 


Fig.4  Penetration  of  a  stretclung  shaped  charge  jet  with  a  uniform 

off-axis  velocity  component  W  into  a  homogeneous  target.  Note 
that  the  velocity  of  each  element  is  a  function  of  q,  and  that 
the  crater  radius  is  not  constant. 

Let  the  axial  velocity  components  of  the  front  and  back  of  the  jet  be  Vq  and  v^  respectively.  Then 
the  penetration  P(q)  achieved  by  a  length  q  of  the  jet  is  given  by  use  of  the  analysis  of  Abrahamson 
and  Goodier  (1963)  as 

P(qr)  ={J;-[2:2— -<7}  .  (38) 

Here  v  »  v(q)  is  the  velocity  of  tb«.  '-'"i^vut  of  the  jet  initially  at  distance  q  from  the  tip  of  the  jet. 


::6 
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The  investigation  of  side  wall  collisions  is  more  complicated  than  for  the  rod,  since  it  is  not  clear 
which  point  of  the  crater  wall  will  be  the  first  to  be  hit.  Indeed  it  is  likely  that  the  location  of  this 
point  will  be  a  function  of  all  the  jet  and  target  parameters. 

An  element  of  the  jet  colliding  with  the  side  wall  will  do  so  at  a  depth  P(qA)  into  the  target,  at  time 
to  given  by 


to  =  .  (39) 

where  is  the  initial  coordinate  of  the  element  penetrating  at  the  time  of  the  side  wall  collision,  so 
that  P(qA)  <  P((lo)-  coordinate  is  the  initial  distance  from  the  tip  of  the  jet  of  the 
infinitesimal  element  that  made  the  infinitesimal  increment  to  the  crater  at  depth  P(qA)  at  time  t^ 
given  by  eq.(39)  with  qQ  replaced  by  q^.  If  the  collision  is  the  very  first  to  occur  then  the  off-axis 
displacement  of  the  jet  at  time  to  plus  its  radius  at  time  to  must  equal  the  off-axis  displacement 
XsCQa)  crater  plus  its  radius  Ro  at  depth  P(qA).  Here  we  assume  that  all  displacements  are 

in  the  positive  y-direction.  An  analogous  result  hol^  for  negative  displacements.  The  condition  for 
first  impact  is  thus 

^  \  \to*rj(to)  .  (40) 

This  may  be  written  in  terms  of  q^  and  qo  as 


v{g*> 


TjiQo)  * 


I  I  (Qo*P(Qo)  ) 

v(Qo) 


(41) 


where  we  have  used  eq.(6)  and  evaluated  y8(qA)  as  the  product  of  W  and  t^.  Henceforth  we  denote 
the  left-hand  side  of  this  equation  by  f,(qA,W)  and  the  right-hand  side  by  f8(qo«W)-  The  functional 
dependence  of  Tj  on  q  is  given  by 


r^(g)  =  r^(0)  -v* 


(42) 


where  1)  is  the  strain  rate  given  by 

i\  =  (Vo-Vj)/L  .  (43) 

Let  us  now  define  a  new  function  F(qA>(kx^  given  by 

.  (44) 

For  a  given  value  of  W  if  F  >  O  then  the  jet  elements  within  distance  q^  of  the  tip  pass  through  the 
crater  cross-section  at  depth  P(qA)'  If,  however,  a  collision  occurs  then  its  location  is  determined  by 
seeking  the  minimum  value  of  q^  such  that  F  =  O.  This  minimum  value  and  the  corresponding 
value  of  q^  are  both  functions  of  W.  Just  as  for  the  rod  there  will  be  a  critical  value  for  W 
below  which  all  of  the  jet  contributes  to  the  penetration.  This  value  can  be  determined  by  gradually 
increasing  W  until  a  value  of  qQ  is  found  for  which  F  =  O.  Again  there  are  three  cases  to  consider 
in  determining  the  penetration,  which  is  pven  by 

PlgolkO)  i  \  w  \  i 

P  =  P(L)  \  W  \  <W^  i  W  (45) 

P(L) 

Note  that  we  have  indicated  explicitly  the  dependence  of  the  minimum  value  of  qo  on  W  in  the  case 
of  a  collision.  As  before  we  suppose  that  W  falls  in  the  range  [-Wu,Wu]. 


PROBABILITY  THAT  JET  PENETRATION  EXCEEDS  AN  ARBITRARY  DEPTH 

The  probability  that  the  penetration  exceeds  an  arbitrary  value  Po.  given  that  the  jet  is  of  radius  rj 
depends  on  the  relative  sizes  of  and  Wq,  as  for  the  rod.  For  >  Wy  it  is  given  by 
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PiPiPo)  = 


O  Po>  P(L) 

1  Pa  i  P(L} 


Where  s  it  is  given  for  a  uniform  distribution  by 

O  Po  >P{L) 

P(P  i  Po)  -  P{go(V^))s  Po  iPU) 

(47) 

{W^*Wa-Wo) /W^  PiqoiWo))  i  Po  i  P(qo^W^)) 

1  Po<P(qo(Wo))  . 

Here  the  value  Wq  is  defined  such  that  P(qo(wQ))  =  Pq.  Since  P(q)  increases  strictly  with  q  this 
definition  is  unique. 

CALCULATION  OF  THE  EXPECTED  PENETRATION 

If  we  adopt  the  convention  that  qo  =  L  in  the  second  and  third  cases  of  eq.(45),  the  expected 
penetration  may  be  written  as: 

.... 


This  is  a  convenient  form  for  numerical  computation.  Several  examples  have  been  investigated  over 
a  range  of  values  of  the  jet  radius  while  keeping  the  volume  and  kinetic  energy  of  the  jet  constant. 
The  following  set  of  nominal  parameter  values  has  been  taken: 


Vq  =  8000  m/s 
Vl  =  1000  m/s 
Wy  =  50  m/s 

Density  of  copper  jet  =  8900  kg/m® 


Density  of  steel  target  =  7860  kg/m® 

Volume  of  jet  =  0.31416  x  10^  m® 

Radius  of  jet  from  0.27  mm  to  1.0  mm 
Non-dimensionalized  crater  radius  constant  D/vq  =  3 


1^5  Expected  penetration  of  a  shaped  charge  jet  as  a  function  of  off-axis 
velodty  distribution  parameter  Wy. 
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Figure  5  shows  that  the  effect  of  increasing  the  value  of  first  to  lOOm/s  and  then  to  SOOm/s  is 
to  reduce  the  penetration  over  the  entire  range  of  values  of  the  radius  of  the  jet  considered. 

CONCLUSIONS 

The  effects  of  a  random  off-axis  velocity  component  on  the  penetration  achieved  by  long  rod  kinetic 
energy  penetrators  and  shaped  charge  jets  have  been  investigated.  After  making  several  simple 
assumptions  about  the  penetration  process  calculations  were  made  of  the  expected  penetration  for 
a  long  rod.  The  assumption  was  made  that  the  off-axis  velocity  is  uniformly  distributed  or  that  it  has 
a  truncated  normal  distribution.  For  some  examples  of  materials  in  common  use,  the  maximum 
expected  penetration  for  a  given  volume  is  achieved  when  the  radius  of  the  rod  is  reduced  or,  in 
other  words,  the  length  to  diameter  ratio  is  increased,  to  an  extent  that  the  rod  collides  with  the  ade 
wall  of  the  cavity.  This  is  true  for  both  of  the  probability  distributions  considered.  The  probability 
that  the  penetration  achieved  by  the  rod  exceeds  an  arbitrary  value  was  also  calculated. 

We  have  also  pursued  the  analysis  for  the  case  of  a  stretching  shaped  charge  jet  which  does  not 
break  up.  We  have  derived  a  means  of  determining  the  location  of  a  side  wall  collision  and  written 
a  computer  program  to  exploit  this  analysis  to  make  calculations  of  the  expected  penetration.  The 
results  obtained  show  that  the  penetration  for  a  gjven  volume  of  the  jet  increases  with  decreasing  jet 
radius.  No  global  maximum  of  the  penetration  was  found,  in  contrast  to  the  case  of  the  long  rod. 
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ABSTRACT 

A  new  modeling  approach  has  been  developed  for  computer  simulation  of  hypervelocity  impacts  on 
multi-plate  orbital  debris  shields.  This  approach  links  an  Eulerian  finite  difference  code  for  shield 
perforation  calculations  to  a  Lagrangian  finite  element  code  for  debris  cloud  evolution  simulations. 
Mixture  theory  is  used  to  account  for  the  presence  of  void  space  in  the  debris  cloud. 


INTRODUCTION 

Most  numerical  simulations  of  hypervelocity  impact  problems  have  employed  Eulerian  hydrocodes  [e.g. 
eSQ  (Thompson,  1990a)  and  CTH  (McGlaun  etal.,  1990)],  well  suited  to  model  perforation  and  erosion 
effects.  However  application  of  Eulerian  codes  in  the  design  of  multi-plate  space  debris  shields  (Cour- 
Palais  and  Crews,  1990  and  Christiansen,  1990)  suggests  that  they  are  not  well  suited  to  modeling  debris 
cloud  evolution,  even  in  two  dimensions.  This  is  apparently  due  to  basic  mass  dispersion  problems 
associated  with  the  use  of  Eulerian  analysis  methods  to  model  very  low  density  debris.  Although 
rezoning,  periodic  deletion  of  low  density  debris,  or  other  techniques  may  improve  the  efficiency  of 
Eulerian  codes  in  two  dimensional  debris  modeling  problems,  such  techniques  can  involve  significant 
requirements  for  user  intervention  in  the  simulation.  In  addition,  three  dimensional  Eulerian  hydrocode 
an^ysis  of  debris  cloud  evolution  appears  to  be  impractical,  given  current  supercomputer  capabilities. 
Hence  the  present  paper  describes  the  development  and  application  of  a  Lagrangian  modeling  approach  to 
debris  cloud  dynamics  simulation. 

Previous  work  comparing  the  accuracy  of  Lagrangian  and  Eulerian  codes  in  one-dimensional  modeling  of 
debris  cloud  dynamics  has  indicated  that  Lagrangian  models  can  provide  an  accurate  description  of 
experimental  data  (Asay  and  Trucano,  1990).  However  the  extension  of  this  modeling  approach  to  general 
debris  shielding  design  problems  presents  two  major  difnculties.  First,  the  initial  (perforation)  portion  of 
the  impact  problem  is  very  difficult  to  model  accurately  with  Lagrangian  codes.  Second,  generating  a 
convention^  finite  element  mesh  description  of  the  debris  cloud  is  extremely  difncult  or  impractical.  As 
a  result,  the  author  is  not  aware  of  any  previous  attempts  to  extrapolate  the  one-dimensional  work  of 
Asay  and  Trucano  (1990)  to  the  general  case. 

Recognizing  the  inherent  suitability  of  Eulerian  codes  for  modeling  perforation  and  and  the  apparent 
accuracy  of  Lagrangian  codes  in  modeling  debris  cloud  evolution,  the  present  paper  describes  a  systematic 
linking  of  the  codes  CTH  (McGlaun  et  al.,  1990)  and  DYNA2D  (Hallquist,  1987)  for  the  simulation  of 
two  dimensional  space  debris  shield  impact  problems.  In  the  approach  described  here,  the  mass  and 
velocity  distribution  data  obtained  from  a  CTH  model  of  initial  perforation  is  post-processed  to  provide  a 
DYNA2D  model  of  the  debris  cloud  behind  the  perforated  plate.  The  Lagrangian  debris  cloud  model  is 
then  used  to  simulate  the  transport  of  dispersing  debris  toward  the  next  shield,  or  the  shielded  structure. 


K  I*  }•  N  n»i>J  J 


: 


To  simulate  the  perforation  of  the  next  shield  in  a  multi-plate  assembly,  the  DYNA2D  model  of  the 
expanded  debris  cloud  is  post-processed  to  initiate  a  new  CTH  simulation.  This  process  is  repeated  to 
progress  though  the  multi-plate  shield  system  and  finally  model  impact  on  the  protected  structure. 
Automated  post-processing  and  mesh  generation  for  the  sequence  of  calculations  is  performed  using 
newly  developed  routines  written  to  interface  the  the  DYNA2D  and  CTH  codes. 

In  order  to  solve  the  difficult  problem  of  Lagrangian  mesh  generation  for  the  impact  debris  cloud,  the 
basic  DYNA2D  code  has  been  augmented  with  a  mixture  theory  based  (Drumheller  and  Bedford,  1980) 
constitutive  model  of  a  solid  or  fluid  medium  containing  voids,  including  a  rate  dependent  law  for  void 
space  evolution  (Drumheller,  1987).  The  result  is  a  thermodynamically  consistent  model  of  debris  cloud 
evolution  for  use  in  space  shield  design  applications.  Simulation  results  show  that  that  the  outlined  work 
improves  upon  existing  capabilities  for  direct  hydrocode  modeling  of  such  problems. 


METHODOLOGY 

The  paragraphs  which  follow  outline  the  methodology  used  in  developing  a  combined  Eulerian- 
Lagrangian  approach  to  debris  cloud  dynamics  simulation.  The  Appendix  discusses  the  analysis  procedure 
in  detail,  while  this  and  later  sections  present  an  overview  and  example  simulations.  The  series  of 
routines  written  to  link  the  codes  CTH  and  DYNA2D  is  referred  to  under  the  title  DCT2D  (Debris  Cloud 
Translator  2-Dimensional).  The  series  of  routines  written  to  augment  the  standard  DYNA2D  code  for 
debris  cloud  simulation  is  referred  to  under  the  title  DCA2D  (Debris  Cloud  Augmentation  2- 
Dimensional).  All  code  development  and  analysis  was  performed  on  a  Cray  Y-MP/864.  The  CTH-DYNA 
interface  and  DYNA  augmentations  presented  here  are  currently  limited  to  two  dimensional  problems, 
although  the  general  modeling  methodology  may  be  implemented  in  a  three-dimensional  form. 

To  illustrate  the  analysis  procedure,  consider  the  representative  problem  of  a  0.32  cm  diameter  aluminum 
sphere  impacting  upon  a  0.081  cm  thick  aluminum  plate  at  a  velocity  of  6.58  km/sec  (Fig.  la).  At  a 
standoff  distance  of  10.16  cm,  this  plate  represents  a  ballistic  limit  Whipple  shield  for  an  aluminum  wall 
of  0.127  cm  thickness  (Cour-Palais  and  Crews,  1990).  CTH  simulation  of  the  initial  impact  in  this 
problem  was  performed  with  mesh  dimensions  Ax  =  Ay  =  0.004  cm.  This  mesh  density  exceeds  by  a 
factor  of  6.25  that  used  by  the  CTH  code  development  group  in  their  published  study  of  a  canonical 
debris  cloud  problem  (Trucano  and  McGlaun,  1990).  Transmitting  bound^  conditions  (McGlaun,  1982) 
were  used  to  accommodate  backsplash  and  debris  transport  outside  the  modeled  region.  The  simulation 
employed  the  first  momentum  advection  option  (CONV=l,  Trucano  and  McGlaun,  1990)  in  the  CTH 
code.  This  option  conserves  momentum  in  mapping  the  deformed  material  mesh  to  the  space-fixed  mesh, 
while  discarding  any  kinetic  energy  error  associated  with  the  remap,  and  is  recommended  by  the  CTH  code 
development  group  (Trucano  and  McGlaun,  1990).  The  ANEOS  (Thompson,  1990b)  library  equation  of 
state  for  aluminum,  with  melting,  was  employed.  The  calculation  required  3,135  CPU  seconds. 
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Fig. la.  Whipple  shield  impact  problem 


Fig.  lb.  Multi-plate  shield  impact  problem 
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Figures  2a  and  2b  show  the  results  of  the  CTH  simulation,  in  the  form  of  mesh  density  plots  at  impact 
and  at  one  and  one-half  microseconds  after  impact.  The  plot  in  Fig.  2b  shows  a  clearly  defined  debris 
cloud  at  one  and  one-half  microseconds  after  impact,  extending  approximately  over  the  region  -10.0  cm  < 

Y  <  -9.5  cm  and  0.0  cm  <  X  <  0.5  cm,  where  X  is  a  radial  coordinate  in  this  a.'cisymmciric  problem,  and 

Y  =  0  defines  the  axial  location  of  the  shielded  structure  (not  modeled  in  this  calculation).  At  this  point 
in  time  the  CTH  calculation  was  terminated  and  the  post-processor  CTHED  was  used  to  write 
information  on  the  debris  cloud  region  to  a  data  file  for  use  in  constructing  a  DYNA2D  debris  model. 

Next  the  program  DCT2D  was  run  to  prepare  a  DYNA2D  input  file  describing  the  debris  cloud  mass, 
geometry,  and  velocity  distribution,  in  a  Lagrangian  finite  element  form.  All  elements  in  the  initial  mesh 
containing  over  ninety-nine  percent  void  space  were  deleted,  resulting  in  the  debris  model  shown  in  Fig. 
2c.  Comparison  of  the  Lagrangian  debris  cloud  model  (Fig.  2c)  with  the  debris  cloud  state  at  the  end  of 
the  Eulcrian  simulation  (Fig.  2b)  illustrates  the  accuracy  of  the  model  translation  procedure.  Mass  and 
kinetic  energy  error  associated  with  the  model  translation  process  was  approximately  one  percent.  Since 
the  Lagrangian  elements  contain  variable  amounts  of  void  space,  as  determined  by  the  CTH  mass 
distribution  data,  caution  should  be  exercised  in  interpreting  the  finite  element  geometry  plot  of  Fig.  2c 
as  a  direct  representation  of  the  debris  cloud  mass. 

Given  an  initial  density,  velocity,  and  void  fraction  distribution  obtained  from  the  CTH  simulation,  the 
Lagrangian  model  (DYNA2D  augmented  by  the  DCA2D  routines)  was  then  integrated  to  propagate  the 
debris.  In  this  example  the  DYNA2D  model  of  the  debris  was  composed  of  2,181  elements,  and  required 
4,297  CPU  seconds  to  simulate  the  first  microsecond  of  debris  cloud  evolution.  It  is  important  to  note 
that  the  Lagrangian  calculation  must  be  started  with  a  low  user-specified  time  step,  since  the  default 
DYNA2D  calculation  for  the  initial  time  step  will  not  account  for  void  space  effects. 

At  two  and  one-half  microseconds  after  impact,  one  microsecond  after  ending  the  Eulerian  simulation,  the 
debris  cloud  has  evolved  to  the  form  shown  in  Fig.  2d  (note  the  change  in  scale  as  compared  to  Fig.  2c). 
The  radius  of  the  debris  cloud  has  increased  significantly,  and  the  leading  edge  of  tlte  debris  cloud  has 
translated  along  the  impact  centerline.  The  shell  of  the  debris  cloud  has  thinned  as  it  expands,  while  the 
spreading  of  debris  particles  within  the  shell  illustrates  the  presence  of  velocity  variations  across  the 
debris  cloud.  The  aniysis  reflects  (qualitatively)  results  observed  in  impact  experiments. 

The  Lagrangian  simulation  of  debris  cloud  evolution  shown  in  Figures  2c  and  2d  assumed  that  adjacent 
finite  elements  composing  the  debris  cloud  were  interconnected,  i.e.  that  the  debris  cloud  deforms  as  a 
cohesive  body,  retaining  its  mechanical  strength  after  impact.  An  alternative  modeling  option 
incorporated  in  the  DCT2D  routines  takes  each  finite  element  to  represent  a  discrete  debris  cloud 
fragment,  i.e.  assumes  that  the  debris  cloud  lacks  any  cohesive  strength  after  impact.  This  is  often  a  more 
realistic  description  of  hypcrvelocity  impact  effects  on  Whipple  shield  suaictures.  Consider  again  the 
representative  Whipple  shield  impact  problem  depicted  in  Figures  2a  and  2b.  Starting  with  the  initial 
Lagrangian  debris  cloud  model  (Fig.  2c),  and  neglecting  any  cohesive  coupling  of  the  motion  of  the 
deforming  elements,  the  augmented  version  of  DYNA2D  was  used  to  propagate  the  impact  debris  towards 
a  wall  plate  located  at  axial  position  Y  =  0.  At  17.5  microseconds  after  impact  the  leading  edge  of  the 
debris  cloud  has  reached  the  wall  plate,  with  the  expanded  debris  cloud  taking  the  form  shown  in  Fig.  2e. 
This  simulation  required  13,320  CPU  seconds.  Comparing  Figures  2c  and  2e,  the  debris  cloud  has 
expanded  radially  by  a  factor  of  eight  and  axially  by  a  factor  of  thirteen.  The  predicted  angle  of  expansion 
of  the  cone  of  debris  is  approximately  thirty-six  degrees.  Qualitatively  the  debris  cloud  shown  in  Fig.  2e 
is  consistent  with  experimental  observations  of  Whipple  shield  impacts. 

To  complete  the  simulation  and  model  debris  impact  on  the  wall  plate,  the  mass,  position,  and  velocity 
data  from  the  DYNA2D  simulation  at  17.5  microseconds  after  impact  (Fig.  2e)  was  input  to  DCT2D  to 
generate  a  CTH  input  file.  CTH  was  then  used  to  simulate  impact  of  the  debris  on  the  wall  structure.  TTie 

wall  plate  was  modeled  as  aluminum  with  a  yield  strength  of  0.966  x  10  dynes/cm  .  Figure  2f  shows 
the  wall  at  19.5  microseconds  after  initial  impact  on  the  bumper  shield,  or  2.0  microseconds  after  initial 
impact  of  the  debris  on  the  wall.  This  CTH  simulation  required  3,035  CPU  seconds.  Overall  the 
.simulation  predicts  perforation  of  the  wall  plate  for  this  nominally  ballistic  limit  shield  configuration. 

Comparison  of  the  preceding  simulation  results  with  the  corresponding  experiment  (Cour-Palais  and 
Crews,  1990)  suggests  that  the  analysis  results  are  conservative,  i.e.  that  the  lethality  of  the  debris  cloud 
has  been  overestimated.  However  the  results  indicate  that  the  proposed  analysis  procedure  provides  a 
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stable  and  realistic  transformation  of  the  Eulerian  impact  modeling  results  to  a  Lagrangian  form  well 
adapted  for  debris  cloud  evolution  calculations.  Generd  use  of  the  simulation  approach  just  discussed  in 
debris  shield  design  applications  requires  further  evaluation  of  the  methods  employed.  A  later  section 
describes  a  serie-i  of  caiculations  conducted  to  simulate  a  multi-plate  shield  impact  experiment. 


MIXTURE  THEORY  MODEL 

The  preceding  discussion  noted  the  development  of  a  new  constitutive  augmentation  of  the  DYNA2D 
code,  describing  a  solid  or  fluid  continuum  with  voids,  in  order  to  make  practical  the  use  of  this  code  in 
multi-dimensional  debris  modeling  applications.  The  following  paragraphs  outline  briefly  the 
fomulation  and  implementation  of  a  mixture  theory  based  model  for  debris  cloud  simulation.  This  model 
has  been  coded  (as  a  user-defined,  history  dependent  equation  of  state)  in  a  Cray  (UNICOS)  version  of 
DYNA2D.  The  model  is  currently  implemented  in  an  isothermal,  hydrodynamic  form,  although 
extension  to  include  non-isothermal  and  deviatoric  stress  effects  is  possible.  For  a  discussion  of  mixture 
theory  concepts,  see  Drumheller  and  Bedford  (1980). 

Consider  a  solid  or  fluid  continuum  with  voids,  described  by  a  bulk  density  p,  a  true  density  7,  a  void 
fraction  4>.  a  bulk  pressure  P,  and  a  true  pressure  P^.  The  parameters  7  and  P^  represent  the 

thermodynamic  state  of  the  material  of  interest,  while  the  parameters  P  and  p  are  corresponding  average 
values  for  a  Lagrangian  finite  element  of  fixed  mass  M  and  variable  volume  V.  The  preceding  parameters 
are  related  by 


P  =  (!-<(>)  Ps  :  p  =  (l-<t))  7  ;  P  =  MA^  ;  Pj  =  Pj  (7)  (la,b,c,d) 

where  the  expression  (Id)  represents  the  true  isothermal  equation  of  state  for  the  material  of  interest.  The 
history  dependent  element  equation  of  state  which  is  required  for  the  Lagrangian  finite  element  code  has 
the  functional  form 

P  =  P  (Y,  <W  (2) 

In  order  to  define  the  element  state  an  additional  equation  is  needed  for  (|>.  Consistent  with  Drumhellcr's 
(1987)  work  on  hypervelocity  impact  of  mixtures,  a  rate  equation  will  be  employed  here.  The  rate 
equation  may  be  formulated  with  the  aid  of  the  general  isothermal  entropy  inequality  (Malvern,  1969) 

-  'P  +  (1/p)  tr[TD]  >  0  (3) 

where  is  the  Helmholtz  free  energy  density,  T  is  the  Cauchy  stress  tensor,  D  is  the  rate  of  deformation 
tensor,  and  "tr"  is  the  trace  operator.  Considering  only  volumetric  deformation,  let 

T  =  -PI  ;  tr(D)  =  -  p/p  (4a,b) 

where  I  is  the  identity  tensor.  The  entropy  inequality  then  reduces  to 

-  ‘P  +  (P/p)  [p/p]  >  0  (5a) 

Using  equations  (1)  and  the  conventional  free  energy  density  assumption  *P  =  *P(7),  the  inequality  (5a) 
reduces  to 


[( 1  -<t))P/p2  -  a'P/ay]  '7  -  (P7/p2)  0  >  0  (5b) 

If  a  rate  law  is  assumed  for  <{),  as  previously  discussed,  this  implies  constitutive  relations  of  a  general 
functional  form 

a'P/ay  =  (l-<|))P/p2  ;  ^  ^  [Py/p2]  ;  P7/p2  =  yp  ■  (l-(t))P/p2  =  p^/y2  (6a,b  &  7a,b) 

where  the  brackets  in  equation  (6b)  indicate  functional  dependence.  Numerical  implementation  in 
DYNA2D  of  the  mixture  model  just  described  assumed  the  following  particular  functional  form  for 
equation  (6a) 


(8a,b) 


Pj  =  cj  |i  +  C2  inax(H,0)+  C3  +  (C4  +  C54  +  c^iP)E  ;  ^  =  (7%)  -  1 

where  the  parameters  Cj  (i=l,2,...6)  are  constants,  E  is  the  internal  energy,  and  is  the  reference  density. 
Consistent  with  the  derived  entropy  inequality,  the  void  fraction  evolution  equation  was  taken  as 

❖  =  -la/(Yo/p)^l  {P/((l-<{>)p]  }  (8c) 

where  a  is  a  constant  which  determines  the  rate  of  change  of  the  void  fraction  in  response  to  imposed 
pressure  or  deformation.  The  case  a  =  0  represents  a  constant  void  fraction,  whereas  for  the  "shifting 
equilibrium"  case  (Bowen,  1982)  represented  by  a  ^  »  the  void  fraction  adjusts  instantaneously  to 
changes  in  the  bulk  density.  The  latter  case  is  representative  of  classical  porous  media  models.  A  toti  of 
fourteen  FORTRAN  routines  were  added  to  DWA2D  or  modified  from  their  basic  DYNA2D  form  in 
order  to  incorporate  the  mixture  model  just  discussed  into  that  code. 


MODEL  TRANSLATION  PROCEDURE 


The  Eulerian-to-Lagrangian  and  Lagrangian-to-Eulerian  model  conversions  used  here  require  proper 
translation  of  mass,  void  fraction,  and  velocity  distributions.  Certain  aspects  of  the  model  uanslation 
process  warrant  elaboration. 


In  the  Eulerian-to-Lagrangian  (CTH  to  DYNA2D)  model  translation  process,  each  Eulerian  cell  is 
mapped  to  a  Lagrangian  finite  element  of  the  same  size  and  geometry.  Of  course  this  exact  geometric 
correspondence  holds  only  at  the  start  of  the  Lagrangian  calculation,  since  the  finite  elements  move  and 
deform  during  the  simulation,  while  the  Eulerian  cells  are  space  fixed.  The  true  density  and  void  fraction 
for  each  cell  at  the  end  of  the  Eulerian  simulation  are  assigned  directly  to  a  corresponding  Lagrangian 
finite  clement.  Translation  of  the  velocity  data  is  complicated  slightly  by  the  fact  that  the  finite  difference 
scheme  used  in  CTH  provides  velocity  data  at  the  midpoints  of  die  cell  boundaries,  while  the  finite 
element  scheme  in  DYNA2D  requires  initial  conditions  data  at  nodal  points  corresponding  to  the  Eulerian 
cell  comers.  Hence  the  following  formulas  were  used  to  assign  the  initial  Lagrangian  nodal  velocities 


and  Vy 


(i.j) 


(i) 

at  the  point  located  by  the  position  coordmates  x  and 


0) 
y  : 


(ij) 


=  [  w_ 


(ij-1)  (i,j-l)  (ij)  (ij) 


+  w.. 


]/[w. 


(ij-1)  (i  j) 


+  w„ 


] 


(9a) 


(i-lj)  (i-lj)  (ij)  (ij)  (i-lj)  (ij) 

=  [  Wy  Vy  +  Wy  W  ^  ]  /  [  Wy  +  Vf  ^  ] 


(9b) 


(ij)  (iJ) 

’X  ^ 

(index)  coordinates  in  the  CTH  mesh  (McGlaun  et  al.,  1990),  and 


where  the  v.,  and  v„  are  the  Eulerian  velocity  data,  the  superscripts  (i),  0).  and  (i  j)  denote  logical 
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with  m  denoting  the  mass  in  cell  (i  j).  The  weighting  factors  w^^  and  Wy  are  appropriate  for 

the  uniform  mesh  used  here,  and  are  required  in  order  to  account  for  spatial  variations  in  the  true  density 
and  void  fraction. 


In  the  Lagrangian-to-EuIerian  (DYNA2D  to  CTH)  model  translation  process,  one  or  two  mass  insertion 
packages  for  each  finite  element  are  written  to  the  CTH  input  file.  Triangular  elements  require  one 
insertion  package  while  quadrilateral  elements  require  two,  one  for  each  of  two  triangular  parts  into  which 
the  quadrilateral  is  bisected.  (The  DCT2D  routines  provide  an  option  for  the  use  of  either  quadrilateral  or 
triangular  finite  elements.)  The  material  in  each  insertion  package  is  assigned  a  velocity  equal  to  the 
average  of  the  associated  nodal  velocities,  and  a  density  equal  to  the  true  density  of  the  solid  material  in 
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the  associated  finite  element.  The  latter  quantity  is  calculated  using  the  element  void  fraction,  which  is 
maintained  as  a  history  variable  in  the  Lagrangian  simulation.  Each  triangular  insert  package  is  located  in 
space  as  follows.  First  the  coordinates  of  the  centroid  of  the  triangular  insertion  package  (Xj.,Y^)  arc 

calculated  from  the  associated  nodal  coordinates  at  the  end  of  the  Lagrangian  simulationCXj.Yj).  Then  the 
coordinates  of  the  comers  of  the  biangular  insertion  package  (xj.yj)  are  calculated  using  the  formulas: 

1/2 

Xj  =  c  Xj  +  (  1  -  c  )  X^  ;  yj  =  c  Yj  +  (  1  -  c  )  Yj,  ;  c  =  (  1  -  ()) )  '  ;  ie  {1,2,3}  (10a,b,c) 

The  mapping  of  equations  (10)  represents  a  uniform  dilatation,  as  seen  in  the  element  cross  section,  and 
was  adopted  in  order  to  conserve  both  mass  and  true  density  in  the  model  translation  process.  A 
subdivision  of  quadrilateral  elements  into  two  triangles  is  employed  in  the  Lagrangian-to-Eulerian  model 
translation  process,  so  that  in  the  case  of  radial  symmetry  the  ccntroidal  (cross  section)  coordinates  of  the 
clement  subdivisions  and  their  associated  insertion  packages  are  identical. 


MULTI-PLATE  SPACE  DEBRIS  SHIELDING 

This  section  describes  a  representative  multi-plate  shield  impact  modeling  problem,  simulated  using  the 
coordinated  Eulerian-Lagrangian  approach  previously  outlint^.  Parameters  of  the  simulations  are  listed  in 
Table  1 .  The  problem  involves  normal  impact  of  a  0.32  cm  diameter  sphere  on  a  series  of  four  bumper 
plates  of  thickness  0.0102  cm,  followed  by  a  wall  of  thickness  0.079  cm  (Fig.  lb).  The  plate-to-plate 
and  plate-to-wall  spacing  was  2.54  cm.  The  corresponding  experiment  is  described  by  Cour-Palais  and 
Crews  (1990). 

The  CTH  simulations  were  performed  using  the  same  mesh  density,  boundary  conditions,  and  other 
modeling  options  previously  discussed.  The  DYNA2D  simulations  were  performed  using  models 
composed  of  up  to  6,944  finite  elements.  The  debris  cloud  was  modeled  as  an  isotropic,  elastic-plastic 
hydrodynamic  material  (aluminum)  with  voids,  and  the  following  material  properties:  shear  modulus  = 

0.250  g/(cm-pscc^),  bulk  modulus  =  6.52  x  10‘*g/(cm-|isec^),  yield  strength  =  3.45  x  10'^g/(cm-|isec^), 
plastic  hardening  modulus  =  6.67  x  10'^g/(cm-psec^),  and  values  of  a  over  the  range  10*^  <  a  <  lO'*'^ 

(tisec/cm  )  as  indicated  in  Table  1.  Variations  in  the  parameter  a  were  considered  in  order  to  investigate 
the  results  on  the  simulations.  Analyses  to  date  indicate  that  the  results  are  insensitive  to  the  choice  of 
values  for  a,  although  numerical  stability  requirements  appear  to  place  an  upper  limit  on  allowable 
values  for  a  in  the  explicit  DYNA2D  code. 

The  following  paragraphs  briefly  outline  the  series  of  nine  Eulerian  and  Lagrangian  simulations  required 
to  model  perforation  of  all  four  shields  and  impact  on  the  protected  structure.  The  simulations  are  referred 
to  by  the  codes  listed  in  the  first  column  of  Table  1.  The  total  required  CPU  time  was  18.8  hours,  for  a 
simulation  time  of  20.8  microseconds. 

The  first  CTH  simulation  ("plate  #1"  in  Table  1)  modeled  perforation  of  the  the  first  shield  plate  (Fig. 
3a).  Figure  3b  shows  a  mass  density  plot  at  1.5  microseconds  after  impact.  At  that  time  the  CTH 
simulation  was  terminated  and  a  DYNA2D  model  of  the  debris  cloud  was  generated  (Fig.  3c).  This  model 
("debris  #1"  in  Table  1)  was  used  to  simulate  motion  of  the  debris  cloud  towards  the  second  plate, 
requiring  a  simulation  time  of  2.4  microseconds.  The  state  of  the  debris  cloud  at  3.9  microseconds  after 
impact,  i.e.  at  the  end  of  this  Lagrangian  simulation,  is  shown  in  Fig.  3d.  At  this  point  the  results  of  the 
Lagrangian  calculation  were  used  to  generate  a  new  Eulerian  model  of  impact  on  the  second  plate  (Fig. 
3e). 

The  results  of  the  second  CTH  simulation  ("plate  #2"  in  Table  1)  are  shown  in  Fig.  3f,  a  mass  density 
plot  at  5.5  microseconds  after  impact  on  the  first  shield.  Comparison  of  the  debris  cloud  models  at  the 
end  of  the  first  Lagrangian  simulation  (Fig.  3d)  and  the  start  of  the  second  Eulerian  simulation  (Fig.  3e) 
illustrates  the  model  translation  process.  Note  that  in  the  interest  of  reducing  CPU  time  requirements, 
some  of  the  widely  dispersed  debris  present  at  the  end  of  the  first  DYNA2D  simulation  (Fig.  3d)  is 
neglected  in  the  Lagrangian-to-Eulerian  remap.  CTH  simulauon  of  the  second  shield  impact  was  followed 
by  a  second  Lagrangian  simulation  of  debris  cloud  evolution  towards  the  third  shield  ("debris  #2"  in  Table 
1).  As  indicated  in  Table  1,  this  sequence  of  calculations  was  repeated  to  proceed  through  the  entire  multi- 


r  (cm) 


DcbriN  cliiud  dynamics 


237 


plate  structure.  To  reduce  CPU  time  requirements,  only  the  central  core  of  the  debris  cloud  was 
propagated  towards  the  wall  plate.  That  is  debris  subject  to  wide  radial  dispersion  was  dropped  from  the 
simulation  during  the  Eulcrian-to-Lagrangian  or  Lagrangian-to-Eulerian  rezones.  No  Lagrangian-to- 
Lagrangian  rezones  were  required  to  complete  the  analysis. 

Final  simulation  of  debris  cloud  impact  on  the  wall  structure  is  depicted  in  Fig.  4,  which  shows  a  mass 
density  plot  at  20.8  microseconds  after  initial  impact  on  the  first  shield.  As  indicated  by  the  plot  in  Fig. 
4,  the  predicted  result  is  a  hole  in  the  protected  structure  with  an  approximate  diameter  of  0.16  cm.  This 
compares  favorably  with  the  experimental  result  of  a  tom  wail  plate,  with  damage  dimensions 
approximately  0.2  cm  x  0.5  cm  (Cour-Palais  and  Crews,  1990). 
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Table  1.  Simulation  parameters:  mul»'  nlate  shield  impact  problem 


CONCLUSIONS 

A  number  of  analytical  models  have  been  developed  for  projectile  impact  on  Whipple  shields  (see  e.g. 
Grady  and  Passman,  1990).  These  models  typically  adopt  a  number  of  very  basic  assumptions  regarding 
the  debris  cloud  shape,  mass  distribution,  velocity  distribution,  and  other  properties.  These  assumptions 
have  been  motivated  in  part  by  difficulties  experienced  in  modeling  debris  cloud  evolution  with  Eulerian 
hydrocodes.  The  modeling  methodology  presented  here  avoids  both  the  major  assumptions  of  analytical 
models  and  mass  dispersion  problems  which  may  be  encountered  with  purely  Eulerian  simulations. 

The  results  presented  here  suggest  two  conclusions  regarding  the  use  of  a  combined  Eulerian-Lagrangian 
hydrocode  modeling  approach  to  space  debris  shield  design : 

(1)  Mixture  theory  based  models  for  solid  and  fluid  materials  with  voids  provide  a  suitable 
means  for  extending  the  use  of  Lagrangian  hydrocodes  to  multidimensional  debris  cloud  modeling 
problems. 

(2)  Lagrangian  debris  cloud  models  can  offer  acceptable  CPU  time  requirements  for  direct 
computer  simulation  of  multi-plate  impact  experiments,  at  least  in  two  dimensions,  while  requiring 
minimal  user  intervention  in  the  simulation. 

Future  work  can  profitably  focus  on  two  areas.  First,  additional  simulation  work  is  needed,  to  further 
critique  the  modeling  methodology  used  here  against  a  range  of  hypervelocity  impact  experiments.  Of 
particular  importance  is  the  effect  of  variations  in  material  properties  and  constitutive  equations  on  model 
predictions  at  various  impact  velocities.  Second,  additional  software  development  work  is  needed  to 
provide  the  capability  for  three  dimensional  simulation  of  oblique  impact  effects  on  proposed  space  debris 
shield  designs.  Extension  of  the  modeling  approach  presented  here  to  three  dimensions  is  direct,  and  well 
motivated  by  the  extremely  large  computer  time  requirements  of  three  dimensional  Eulerian  hydrocode 
simulations. 
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Fig.  4.  Wall  impact  for  the  multi-plate  shield 
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APPENDIX 

This  appendix  provides  a  detailed  description  of  the  structure  and  use  of  the  software  written  to  link  CTH 
and  DYNA2D.  The  general  analysis  procedure  is  represented  by  the  flow  charts  shown  in  Figures  A-1 
through  A-3.  As  presenUy  formulated,  the  procedure  models  two-dimensional  (ax'symmetric)  impact  of 
like  materials.  Mass,  kinetic  energy,  void  fraction,  and  density  are  conserved  in  Eulerian-to-Lagrangian  or 
Lagrangian-to-Eulcrian  translations  of  debris  cloud  data.  Thermal  energy  is  discarded.  Generalization  of 
this  analysis  procedure  is  possible,  given  additional  development  work. 

A  typical  impact  simulation  proceeds  as  follows.  A  standard  Eulerian  model  of  the  projectile  impact  on 
the  first  debris  shield  is  formulated  using  CTH  (Fig.  A-1).  Geometry,  material  properties,  initial 
velocities,  and  other  input  data  arc  specified  in  the  input  file  dccth.  The  simulation  is  halted  after 
perforation  of  the  plate  and  initial  formation  of  the  debris  cloud,  but  before  the  bulk  debris  cloud  density 
is  reduced  to  a  level  at  which  the  Eulerian  mesh  density  becomes  inadequate.  The  output  file  {rseth)  from 
the  CTH  simulation  is  then  input  to  the  post-processor  CTHED.  The  standard  CTH  post-proces.sor 
CTHED  is  then  u.scd  to  write  an  output  data  file  which  describes  the  state  (mass,  velocity,  etc.)  of  all 
Eulerian  cells  in  a  rectangular  region  of  space  behind  the  shield.  (The  user  selects  the  region  of  space 
containing  the  debris  which  must  be  propagated  to  the  next  shield,  by  viewing  the  CTH  simulation 
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results.)  The  mass,  velocity,  and  pressure  distribution  in  the  debris  cloud  is  contained  in  the  post¬ 
processor  output  file  dcoui. 

Next  (Fig.  A-1)  the  routines  delink./ and  dcgld.f  aic.  used  to  generate  a  Lagrangian  model  of  the  debris 
cloud  {dedyna),  given  the  Eulerian  simulation  results  (dcoui)  and  the  geometry,  material,  and  control 
data  contained  in  the  user  input  files  dcgld.inp  and  debase.  Specifically,  the  output  data  file  dcout, 
which  is  quite  extensive  and  is  written  in  a  specific  CTHED  format,  is  read  and  screened  by  delink./, 
which  writes  an  output  data  file  dclink.out  that  contains  only  the  position,  mass,  velocity,  void  fraction, 
and  other  data  needed  to  construct  the  Lagrangian  finite  element  mesh  with  appropriate  initial  conditions. 
Then  the  program  dcg2d./  is  invoked,  which  reads  the  data  file  dclink.out  and  performs  the  following 
three  functions: 

(1)  Defines  the  nodes,  elements,  element  connectivities,  and  initial  velocities  for  the  Lagrangian 
finite  element  mesh  used  to  model  the  debris  cloud.  Initial  velocities  are  assigned  to  the  finite  element 
nodes  based  on  interpolation  of  the  CTH  cell  velocity  data.  The  user  may  choose  to  delete  all  element 
interconnections,  essentially  simulating  the  debris  cloud  as  a  collection  of  nonintcracting  deforming 
elements  ("fragments")  with  voids  (Fig.  A-2).  The  use  of  this  option,  well  suited  to  many  hypervelocily 
problems,  is  illustrated  in  the  example  simulations  discussed  in  the  text. 

(2)  Screens  the  preliminary  finite  element  mesh  to  identify  and  delete  all  elements  with  void 
space  percentages  above  a  user-specified  level.  This  necessitates  a  somewhat  complex  renumbering  of 
nodes  and  elements  to  satisfy  DYNA2D  input  format  requirements.  This  step  is  important  to  avoid  the 
inclusion  of  very  low  mass,  high  void  space  elements  which  may  greatly  slow  the  computation  while 
representing  very  little  debris  mass.  The  preceding  results  are  written  to  dcg2d.oui  in  a  format  suitable 
for  direct  inclusion  in  a  DYNA2D  input  fUe. 

(3)  Defines  the  initial  void  space  associated  with  each  finite  element  in  the  Lagrangian  model, 
writing  the  results  to  rvl2d.dat  which  becomes  an  auxiliary  input  data  file  for  the  DYNA2D  code. 
Combined  with  the  new  constitutive  modeling  routines  previously  discussed,  this  procedure  provides  a 
mass  and  kinetic  energy  consistent  interface  between  the  CTH  and  DYNA2D  codes  without  requiring  that 
each  debris  particle  be  explicitly  modeled  by  the  Lagrangian  mesh.  Such  a  requirement  would  in  general 
be  impractical  from  both  a  model  generation  and  CPU  time  consumption  point  of  view. 

The  output  file  dcg2d.out  is  appended  to  a  short  user-prepared  control  file  dcdaia  (written  in  a  DYNA2D 
specified  format)  which  provides  standard  information  on  material  properties,  time  step  size,  etc.  needed 
to  perform  the  Lagrangian  simulation.  The  resulting  file  dedyna  is  input  to  an  augmented  version  of  the 
Lagrangian  code  DYNA2D  (Fig.  A-3),  which  incorporates  a  mixture  equation  of  state  for  a  continuum 
with  voids,  as  well  as  a  void  fraction  evolution  equation.  The  auxiliary  input  file  rvl2d.dat  created  by 
dcg2d./  is  required  to  properly  initialize  the  DYNA2D  calculation.  A  Lagrangian  simulation  is  then  used 
to  propagate  the  debris  to  the  next  shield.  An  auxiliary  output  file  dcrez.dai  is  created  by  the  modified 
version  of  DYNA2D  for  use  in  initializing  the  next  Eulerian  shield  impact  calculation. 

The  results  of  the  Lagrangian  simulation  of  the  debris  cloud  evolution  (dcrez.dai)  are  input  to  the  routine 
dcrez./ (Fig.  A-3),  to  develop  an  Eulerian  description  of  the  debris  cloud  impacting  the  next  shield.  The 
routine  dcrez./  also  requires  as  input  certain  geometry,  mesh  connectivity,  and  mass  distribution  data 
contained  in  the  files  dcrez.inp,  rvl2d.dat,  and  dcgld.out,  the  latter  two  having  been  previously 
generated  by  dcg2d./.  The  output  from  dcrez./,  contained  in  the  file  dcrez.out,  is  combined  directly  with 
standard  CTH  specified  geometry,  material,  and  control  data  (dccih.l  and  dccth.2)  describing  the  next 
shield  (or  wall)  impact  calculation  to  be  performed.  The  resulting  CTH  input  file  (deeth)  is  used  to 
initiate  a  repeat  cycle  of  calculations. 

In  some  cases,  one  or  more  rezones  of  the  Lagrangian  mesh  may  be  required  to  propagate  the  debris 
between  two  adjacent  shields.  In  this  case  (Fig.  A-3),  the  file  dccih  is  created  as  previously  discussed,  but 
without  a  new  shield  model,  and  then  input  to  the  CTH  pre-processor  CTHGEN.  The  resulting  output 
file  (rseth)  is  then  processed  as  previously  described  in  order  to  create  a  rezoned  Lagrangian  model.  This 
1  agrangian  rezone  procedure  is  well  suited  to  mixture  theory  based  debris  models,  although  a  special 
(direct)  rezone  routine  could  be  written  for  this  purpose.  Note  that  the  standard  DYNA2D  rezoner  cannot 
be  used  in  this  case,  due  to  the  presence  of  void  space  in  the  Lagrangian  finite  elements.  In  any  ca.se, 
conventional  Lagrangian  rezone  procedures  are  ill-suited  to  this  application,  due  to  the  extremely  complex 
geometry  of  the  debris  clouds. 

In  summary,  the  programs  DCT2D  and  DCA2D  provide  a  highly  automated  coupling  of  CTH  and 
DYNA2D  for  use  in  debris  cloud  modeling  problems. 
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ABSTRACT 

A  planar  model  of  a  rocket  motor  has  been  developed  that  allows  reaction  in  a  central  bore  perforated  by  a 
projectile  to  be  viewed  with  high-speed  photography.  Earlier  work  with  this  model  showed  that  a  "bubble"  of 
propellant  debris  forms  in  the  air  gap  between  energetic  material  layers  (bore  region)  as  a  result  of  projectile 
penetration  of  one  of  the  layers.  Ignition  of  the  bubble  occurs  upon  impact  with  the  second  layer,  followed  by 
a  reaction  ranging  from  mild  burning  to  delayed  detonation,  depending  on  the  width  of  the  air  gap,  properties  of 
the  energetic  material,  and  degree  of  confmement.  The  present  paper  presents  the  results  of  experimental  and 
hydrocode  studies  to  characterize  the  latter  (delayed  detonation)  reaction.  Results  show  that  reaction  initiates 
in  the  frontal  portion  of  the  bubble  wall  through  mechanical  (impact)  shock.  It  then  propagates  backward 
through  the  bubble  wall  towards  the  first  layer  which  then  detonates.  Detonation  of  the  second  layer  occurs 
sympathetically.  The  reaction  is  bounded  by  a  lower  velocity  limit  and  confined  within  a  range  of  air  gaps  that 
increases  with  impact  velocity.  The  upper-air-gap  limit  roughly  coincides  with  the  maximum  expansion 
distance  for  the  bubble  before  breakup,  while  the  lower  limit  represents  the  minimum  (threshold)  damage  level 
for  detonation. 


INTRODUCTION 

Projectile  impact  at  sufficient  velocity  against  energetic  material  (propellant  or  explosive)  can  cause  the 
material  to  detonate  (Mellor  et  al.,  1988).  Detonation  may  occur  almost  immediately  on  contact  (prompt 
detonation)  or  at  a  later  time  (delayed  detonation). 

Prompt  detonation  can  be  explained  in  terms  of  the  so-called  shock-to-detonation  transition  (SDT).  Delayed 
detonation  is  any  detonation  occurring  after  the  time  for  prompt  detonation.  One  type  of  delayed  detonation 
involves  the  deflagration-to-detonation  transition  (DDT).  An  initial  burning  reaction  increases  the  pressure  in 
a  porous  bed  of  energetic  material.  Increased  pressure  “feeds”  the  reaction.  In  the  presence  of  sufficient 
confinement,  transition  to  detonation  occurs.  Another  type  of  delayed  detonation  has  been  termed  unknown- 
mechanism-to-detonation  transition  (XDT).  XDT  involves  recompression  of  impact-damaged  material, 
although,  as  the  name  implies,  the  exact  mechanism  is  not  clear  (Mellor  et  al.,  1988). 

There  has  been  a  renewed  interest  in  XDT  reactions  as  a  result  of  some  recent  bullet  impact  tests  of  cylindrical 
rocket  motor  sections  containing  center  bores.  In  these  tests.  XDT  reactions  were  observed  for  impacts 
through  the  bore  center  under  certain  conditions.  Initiation  occurred  in  the  rear  portion  of  the  web  (i.e., 
opposite  from  the  impact  side)  during  projectile  penetration  of  that  region.  Reaction  was  attributed  to 
propellant  damaged  as  a  result  of  stress  wave  interactions  (Nouguez  el  al.,  1989). 

Because  of  the  direct  relationship  between  damage  and  reaction  sensitivity,  there  has  also  been  a  large  interest 
in  failure  processes  in  energetic  materials,  particularly  under  dynamic  loading  conditions.  Recently,  a 
comprehensive  study  of  damage  processes  in  an  explosive  simulant  impacted  by  cylindrical  projectiles  was 
conducted  (Yuan  et  al.,  1992a,  b,  c).  Fragmentation  was  induced  by  impacting  planar  targets  at  sufficiently 
high  velocities  so  that  a  cloud  of  debris  (i.e.,  debris  bubble)  was  ejected  from  the  rear  surface.  Fragmentation 
characterizations  were  made  as  a  funcu'on  of  both  impact  velocity  and  layer  thickness. 

In  experiments  similar  to  those  conducted  by  Yuan  et  al.  (1992a,  b,  c),  we  have  observed  a  type  of  XDT  reaction 
resulting  from  impact  of  an  energetic  material  debris  bubble  on  a  layer  of  cilhei  inert  or  energetic  material.  The 
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purpose  of  the  present  paper  is  to  present  experimental  and  hydrocode  studies  that  we  have  {lerformed  to 
characterize  this  delayed  detonation  phenomenon. 


EXPERIMENTAL  STUDIES 
Experimental  Arrangement 

Planar  Rocket  Motor  Test  Model.  Our  interest  in  impact-induced  detonation  phenomena  is  related  primarily  to 
the  prevention  of  bullet  or  fragment  initiation  of  propellant  in  solid  rocket  motors.  The  study  of  detonation 
phenomena  in  rocket  motors  is  complicated  by  the  fact  that  the  initiating  processes  are  hidden  within  the 
cylindrical  case.  A  planar  rocket  motor  test  model  has  been  developed  as  an  aid  in  the  visualization  of  these 
processes  (Finnegan  et  at.,  1990). 

The  planar  model  consists  of  a  steel  plate,  a  layer  of  propellant,  an  air  gap,  a  second  layer  of  propellant,  and  a 
second  steel  plate,  as  shown  in  Fig.  1.  The  air  gap  simulates  an  inner  bore  in  the  rocket  motor.  A  spherical 
steel  projectile  impacts  the  target  perpendicular  to  the  plates  and  layers.  The  plates  can  be  omitted  and  tests  run 
against  bare  propellant.  Also,  the  second  plate  and  layer  can  be  omitted  to  produce  an  infinite  air  gap  The 
addition  of  transparent  Plexiglas  sidewalls  provides  a  degree  of  lateral  confinement.  The  open  architecture 
allows  impact  and  reaction  events  in  the  air  gap  to  be  recorded  photographically. 


Fig.  1.  Planar  rocket  motor  test 
model. 


TargetiProjectile  Parameters.  Energetic  materials  used  in  the  present  study  included  two  noiunetallized,  high- 
energy,  nitramine  propellants  (called  HEP-1  and  HEP-2)  and  an  explosive  (Composition  B).  An  inert 
piropiellant  simulant  was  also  used  as  second  layer  material,  in  a  few  tests.  Mechanical  proporties  for  these 
materials  are  listed  in  Table  1.  Cover  plate  materials  consisted  of  either  hardened  (370  BHN)  or  mild  (95  BHN) 
steel.  Energetic  material  layer  and  cover  plate  thicknesses  were  38.1  and  1.59  mm,  respiectively.  Fast-setting 
urethane  adhesive  (Hardman  Inc,  Belleville,  NJ)  was  used  to  bond  the  two  together.  The  air  gap  was  varied 
between  12.7  mm  and  ''infinity".  Projectiles  were  I9.0-mm-diameter  mild  steel  spheres  or  ogival-nosed 
cylinders.  Tests  of  Composition  B  were  included  to  examine  the  influence  of  material  brittleness  on  detonation 
behavior,  while  tests  of  ogival  pirojectiles  were  done  to  determine  the  effects  of  nose  geometry. 


Table  1.  Uniaxial  tensile  propxirties  of  energetic  and  simulant  materials. 


Test  Material 

Initial 
Density,  p 
g/cm^ 

Stress, 0 
MPa" 

Strain,  c 

Young's 
Modulus,  E 

GPa 

Simulant 

1.73 

0.67C 

30 

0.00401 

HEP-1 

1.61 

0.46<^ 

43 

0.00182 

HEP-2 

1.70 

0.39^ 

327 

Comp  B 

1.71 

t.43d 

0.015 

11.69 

“  Engineering  maximum.  ^  Te.n  rate  2  inAnin. 

^  At  maximum  Jlicss.  Test  rale  0.05  inAnin. 
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Projectile  Launcher! Photographic  Setup.  Saboted  projectiles  were  fired  from  a  20  mm  smooth-bore  gun. 
Sabots  for  spherical  projectiles  were  designed  to  separate  from  the  projectile  during  flight  and  were  stojtped  by 
a  stripper  plate.  Sabots  for  ogival  projectiles  were  rigidly  attached  to  provide  greater  stability  during  flight  and 
target  penetration.  In-flight  velocities  were  measured  using  a  Photec  high-speed  camera  running  at  16,000 
frames^  in  conjunction  with  a  backlighting  system  consisting  of  an  array  of  flash  lamps  and  a  diffusing 
screen.  Impact  processes  and  propellant  reactions  were  observed  using  a  Fastax  high-speed  camera  running  at 
32,000  frames/s  along  with  a  separate,  similar  backlighting  system.  Launch  velocities  ranged  from  500-1,250 
m/s. 


Experimental  Results 

Bubble  Breakup  Elongation  Measurements.  Bubble  breakup  elongation  estimates  were  obtained  from  the  high¬ 
speed  photographs  by  noting  the  film  frame  at  which  “feathering"  of  the  edge  of  the  bubble  first  occurs.  These 
estimates,  listed  in  Table  2,  probably  represent  upper  bounds  to  the  actual  breakup  elongations.  A  high-speed 
photographic  sequence  showing  the  expansion  and  breakup  of  a  debris  bubble  in  an  infinite  air  gap,  is  seen  in 
Fig.  2.  (Sequence  runs  from  top  to  bottom  and  left  to  right.) 


Table  2.  Summary  of  experimentally-measured  debris  bubble  breakup  elongations. 


Cover 

PUte“ 

Propellant 

Type 

Propellant 

Layer 

Thickness, 

mm 

Projectile 

Impact 

Velocity, 

m/s 

Bubble 

Velocity, 

m/s 

Bubble  Breakup 

Elongation, 

nunf* 

sleeK 

25.4 

sphere 

1188 

90S 

53.3 

steeK 

HEP-1 

34.9 

sphere 

1177 

897 

63.5 

steel‘d 

HEP-2 

38.1 

sphere 

706 

473 

53.3 

sleel^ 

HEP-2 

38.1 

sphere 

820 

561 

66.0 

steel‘d 

HEP-2 

38.1 

sphere 

1007 

673 

81.3 

steel^ 

HEP-2 

38.1 

sphere 

1233 

791 

88.9 

none 

HEP-2 

38.1 

sphere 

978 

718 

55.9 

none 

HEP-2 

38.1 

sphere 

1171 

938 

63.5 

1.S9  mm  thickness. 

Measured  normal  to  propellant  layer, 
from  exit  side  to  front  of  bubble. 

c 

d 

9S  BHN  hardness. 
370  BHN  hardness. 

Fig.  2.  Photographic 
sequence  of  sphere/ 
planar  model  impact  at 
1233  m/s.  (29  ps 
interframe  time)  Planar 
model  configuration: 
hard  steel,  HEP-2, 
infinite  air  gap. 


Delayed  Detonation  Limit  Measurements.  Delayed  detonation  limits  were  established  by  testing  through  a 
range  of  air  gaps  and  impact  velocities.  Testing  of  HEP-1  and  Composition  B  was  limited  to  a  single  impact 
velocity,  projectile  shape  and  target  condition,  while  testing  of  HEP-2  was  more  extensive.  A  total  of  30  tests 
were  run,  the  results  of  which  are  summarized  in  Table  3. 
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Table  3.  Summary  of  delayed  detonation  reaction  tests. 


1st 

Steel 

Plate" 

1st 

Prop. 

Ijiyer 

Air 

Gap, 

nwn 

2nd 

Prop. 

I-ayer 

2nd 

Steel 

Plate" 

Projec¬ 

tile* 

Impact 

Vel., 

m/s 

Bubble 

Vel.. 

m/s 

Reaction 

hard 

HhT-1 

12.7 

HlP-1 

hard 

sphere 

1163 

c 

delayed  detonation 

hard 

tIliP-; 

25.4 

HEP-1 

mild 

sphere 

c 

delayed  detonation 

hard 

HEP-1 

38.1 

HEP-1 

mild 

sphere 

1216 

c 

slight  burning 

mild 

llliP-l 

38.1 

HEP-1 

mild 

sphere 

1174 

c 

slight  burning 

mild 

llEP-l 

38.i4 

HEP-1 

mild 

sphere 

1219 

Til 

mild  burning 

mild 

HliP-l 

50.84 

HEP-1 

mild 

sphere 

1221 

731 

mild  burning 

mild 

HEP-1« 

76.24 

HEP-1 

mild 

sphere 

1177 

897 

moderate  burning 

none 

HEP-2 

25.4 

HEP-2 

none 

sphere 

818 

560 

delayed  detonation 

none 

HEP-2 

38.1 

HEP-2 

none 

sphere 

829 

576 

delayed  detonation 

none 

HEP-2 

50.8 

HEP-2 

none 

sphere 

870 

631 

slight  burning 

none 

HEP-2 

38.1 

HEP-2 

none 

sphere 

1234 

916 

delayed  detonation 

none 

HEP-2 

50.8 

HEP-2 

none 

sphere 

1192 

903 

slight  burning 

none 

HEP-2 

25.4 

HEP-2 

none 

Ogive 

c 

delayed  detonation 

none 

HEP-2 

38.1 

HIP-2 

none 

ogive 

1172 

1082 

slight  burning 

hard 

HEP-2 

31.8 

HEP-2 

hard 

sphere 

534 

283 

delayed  detonation 

hard 

HEP-2 

38.1 

HEP-2 

hard 

sphere 

523 

269 

delayed  detonation 

hard 

HEP-2 

44.4 

HEP-2 

hard 

sphere 

552 

318 

very  slight  burning 

hard 

HEP-2 

12.7 

HEP-2 

hard 

sphere 

628 

c 

none  visible 

hard 

HEP-2 

25.4 

HEP-2 

hard 

sphere 

646 

376 

none  visible 

hard 

HIP-2 

38.1 

HEP-2 

hard 

sphere 

674 

404 

delayed  detonation 

hard 

HEP-2 

50.8 

HHP-2 

hard 

sphere 

785 

498 

very  slight  burning 

hard 

HIP-2 

50.8 

HEP-2 

hard 

sphere 

605 

delayed  detonation 

hard 

HEP-2 

63.5 

HEP-2 

hard 

sphere 

648 

delayed  detonation 

hard 

HEP-2f 

25.44 

simulant 

hard 

sphere 

1153 

c 

moderate  burning 

hard 

HEP-2/' 

38. l4 

simulant 

hard 

sphere 

1182 

c 

delayed  detonation 

hard 

HEP-2/' 

50.84 

HEP-2f 

hard 

sphere 

1186 

700 

delayed  detonation 

hard 

HEP-T/" 

63.54 

IIIP-2f 

hard 

sphere 

c 

delayed  detonation 

hard 

HEP-2/' 

76.24 

HEP-2^ 

hard 

sphere 

1263 

769 

moderate  burning 

hard 

Comp  B 

25.4 

Comp  B 

mild 

sphere 

1211 

c 

delayed  detonation 

hard 

Comp  B 

50.8 

Comp  B 

mild 

sphere 

1206 

717 

slight  burning 

1. .^9  mm,  95  BIIN  (mild)  or  370  BHN  (hard)  steel.  Confined  with  P'csiglas  sidewalls. 

^  Sphere  mass:  28.2  g.  Ogive  mass: -40  g.  *  34.9  mm  thickness. 

Velocity  could  not  be  measuied.  /  Propellant  contained  numerous  large  voids. 


Bubble  Breakup  ElotigatiorU Delayed  Detonation  Limit  Comparison.  A  comparison  of  measured  bubble 
breakup  elongations  with  upper-air-gap  detonation  limits  (i.e.,  average  of  largest  air  gap  for  detonation  and 
smallest  for  burning)  is  shown  in  Table  4.  In  all  cases,  detonation  limits  arc  considerably  lower  than  measured 
breakup  elongations.  As  mentioned,  measured  estimates  of  breakup  elongation  represent  upper  bounds  to  the 
actual  breakup  elongations. 


Table  4.  Comparison  of  detonation  limits  with  espcrimcntally- 
measured  bubble  breakup  elongations. 


Projectile" 

Target  Configuration 

Detonation 
Limit,  mm* 

Bubble  Breakup 
Elongation,  mm*^ 

sphere 

covered  HEP-l4 

31.8 

63.5 

sphere 

covered  HEP-2 

69.9 

88.9 

sphere 

covered  Comp  B 

38.1 

t 

sphere 

bare  HEP-2 

44.4 

63.5 

Ogive 

bare  HEP-2 

31.8 

t 

^  Impact  velocity  approximately  1200  m/s. 

^  Average  of  largest  air  gap  for  detonation  and  smallest  for  burning. 

^  Measured  normal  to  propellant  layer,  from  exit  side  to  front  of  bubble. 

4  34.9  mm  thickness. 

*  Not  measured. 

TTtc  lower  detonation  limits  for  HEP-1  and  Composition  B  as  compared  to  HEP-2  are  consistent  with  the 
smaller  breakup  elongations  expected  for  less  tough  materials  (Grady  and  Passman,  1990).  The  lower 
detonation  limit  for  an  ogival  projectile  as  compared  to  a  spherical  one  reflects  the  lower  penetration  resistance 
for  this  nose  shape  that  allows  easier  penetration  of  the  bubble  wall. 
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Delayed  Detonation  Limit  Map  For  HEP-2  Propellant,  Although  most  of  the  effort  was  directed  towards 
detennining  upper  (air  gap)  limits  for  the  delayed  detonation  reaction,  sufficient  tests  were  conducted  on  HEP-2 
to  allow  lower  limits  to  be  established  also.  Establishing  a  lower  limit  was  relatively  straightforward  at  the 
lower  impact  velocities.  At  the  highest  impact  velocities,  the  process  was  complicated  by  the  onset  of  a 
second  delayed  detonation  reaction  that  initiated  at  the  smaller  air  gaps  (Finnegan  et  al.,  1992).  Fortunately, 
the  much  longer  delay  times  for  the  second  reaction  allowed  the  two  reactions  to  be  separated. 

Combining  upper  and  lower  limit  data  allows  a  more  complete  boundary  map  to  be  constructed  for  the  delayed 
detonation  reaction  in  this  propellant,  as  shown  in  Fig.  3.  (Individual  test  results,  rather  than  average  limit 
values,  were  used  for  Fig.  3.)  An  interesting  feature  is  the  apparent  invariance  of  the  lower  limit  within  this 
velocity  range.  The  reason  for  this  invariance  was  not  established,  although  it  may  be  the  result  of 
experimental  limitations  considering  the  small  amount  and  limited  accuracy  of  these  data. 


Delayed  Detonation  Mechanistic  Study.  Based  on  initial  tests,  a  mechanism  for  delayed  detonation  was 
proposed  involving  initiation  at  the  front  of  the  bubble  upon  impact  with  the  second  propellant  layer  and 
propagation  of  a  reaction  backwards  through  the  bubble  to  the  first  layer.  The  evidence  for  this  mechanism  was 
indirect,  consisting  of  high-speed  photographs  showing  ignition  beginning  at  the  point  of  impact  of  the 
bubble  on  the  second  propellant  layer  and  showing  the  first  propellant  layer  detonating  ahead  of  the  second.  In 
recent  tests,  a  number  of  photographs  were  obtained  showing  the  reaction  front  at  various  locations  within  the 
air  gap.  One  example  is  shown  in  Fig.  4.  In  Fig.  4  (top),  the  bubble  has  not  yet  impacted  the  second  layer.  In 
Fig.  4  (bottom),  which  was  taken  about  9  ps  after  impact  with  the  second  layer,  the  reaction,  as  indicated  by  the 
products  boundary  (dashed  for  clarity),  has  almost  crossed  the  air  gap.  (The  projectile  is  traveling  from  left  to 
right.  The  lower  part  of  the  boundary  is  not  visible  due  to  light  reflection  from  the  base.) 


Fig.  3.  Uppter-  and  lower-air-gap  detonation  limits  as  a 
function  of  impact  velocity  for  covered  HEP-2 
propellant 


Fig.  4.  Photographs  showing  propagating 
delayed  detonation. 


Evidence  for  detonation  of  the  main  propellant  layers  was  provided  by  velocity  measurements  of  cover  plate 
fragments  and,  for  the  test  involving  Composition  B,  by  a  comparison  with  the  theoretical  Gurney  velocity 
(Table  5).  The  Gurney  velocity  was  calculated  from  data  contained  in  a  report  by  Henry  (1967).  (A  discussion 
of  the  Gurney  relationship  is  contained  in  a  report  by  Stronge  et  al.  (1989)).  For  Composition  B,  the  Gurney 
velocity  agrees  quite  well  with  exit-side  (second  layer)  velocities,  but  is  lower  than  impact-side  values.  The 
reason  for  the  much  higher  impact-side  fragment  velocities,  compared  to  exit-side  values,  for  HEP-2  was  not 
established.  Jensen  et  al.  (1981)  have  shown  that  blast  overpressures  from  XDT  reactions  are,  on  average, 
higher  than  for  SDT.  This  increase  in  reaction  violence  has  been  attributed  to  collision  of  detonation  waves 
from  adjacent  hot  spots  (Dienes,  1986).  It  is  possible  that  reaction  of  the  more-heavily-damaged  first  layer 
involves  XDT,  while  detonation  of  the  second  layer  (which  appears  to  occur  sympathetically  from  exp)erimental 
data)  involves  SDT,  in  this  case. 


Table  5.  Cover  plate  fragment  velocity  comparison. 


Energetic 

Impact  Vel., 

Isi  Plate  Vel., 

2nd  Plate  Vel., 

Gurney  Vel., 

Material 

m/s 

m/s 

m/s 

m/s 

HEP-2 

1200" 

4400® 

2800“ 

i> 

Comp.  B 

1211 

>3470 

3256 

3219 

**  Avenge  for  seven!  tests. 
^  Not  calculated. 
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Tesis  of  covered  HEP-2  propellant  at  lower  impact  velocities  provided  some  significant  information  regarding 
the  initiation  mechanism  responsible  for  the  delayed  detonation  process.  At  impact  velocities  below  about 
900  m/s,  there  was  virtually  no  visible  propellant  reaction  in  the  absence  of  detonation.  The  absence  of 
surface  combustion  processes  during  the  initial  bubble  impact  stage  demonstrated  that  these  processes  were  not 
responsible  for  the  detonation  reaction.  Tnese  differences  are  illustrated  in  three  high-speed  photographic 
sequences,  shown  in  Fig.  5-7,  of  tests  at  similar  impact  velocities  but  for  air  gaps  below,  within,  and  above  the 
detonation  regime.  In  these  three  sequences,  the  only  visible  reaction,  other  than  the  one  associated  with  the 
detonation  process,  in  Fig.  6,  is  the  slight  "pufr"  of  reaction  seen  in  projjcllant  debris  emanating  from  within 
the  penetration  cavity  on  the  impact  side  in  Fig.  7.  This  reaction,  seen  at  even  lower  impact  velocities,  is 
associated  with  impacts  of  fragmented  bubble  debris.  This  impact  condition  typically  results  in  a  reaction  that 
propagates  backward  through  the  center  of  the  remaining  incoming  material  (Finnegan  et  ai.  1990).  That  the 
debris  bubble  was  fragmented  for  this  test  can  be  seen  by  an  inspection  of  the  bubble  impact  pattern  on  the 
inner  surface  of  the  second  propellant  layer  (Fig.  8  -  lower  right  side).  The  pockmarked  pattern  of  that  surface 
is  characteristic  of  an  impact  involving  fragmented  bubble  material,  while  the  circular  crater  with  the 
concentric,  ring-like  surface  morphology  (Fig.  8  -  upper  right  side)  is  characteristic  of  one  involving  an 
unbroken  bubble. 


Fig.  5.  Photographic 
sequence  of  sphere/ 
planar  model  impact  at 
646  m/s.  (28  ps 
interframe  time)  Planar 
model  configuration: 
hard  steel,  HEP-2,  25.4 
mm  air  gap,  HEP-2,  hard 
steel. 


Fig.  6.  Photographic 
sequence  of  sphere/ 
planar  model  impact  at 
674  m/s.  (29  ps 
interframe  time)  Planar 
model  configuration: 
hard  steel,  HEP- 2,  38.1 
mm  air  gap,  HEP- 2,  hard 
steel. 
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Fig.  7.  Photographic 
sequence  of  sphere/ 
planar  model  impact  at 
785  m/s.  (28  ps 
interframe  time)  Planar 
model  configuration* 
hard  steel.  HEP-2,  50.8 
mm  air  gap,  HEP-2,  hard 
steel. 


Fig.  8.  Postmortem  photographs  of  inner 
surfaces  of  front  (left)  and  rear  (right) 
propellant  layers  for  tests  shown  in  Fig.  5 
(upper)  and  7  (lower). 


The  ring-like  crater  pattern  produced  by  the  unbroken  bubble  results  from  contact  surface  jetting  during  impact 
(Lazari  and  Al-Hassani,  1986).  The  wave-like  interfacial  structure  created  by  this  process  (responsible  for  the 
crater  pattern)  has  been  studied  extensively  in  explosive  welding  and  a  number  of  theories  have  been  advanced 
to  explain  it  (El-Sobky,  1983).  An  interesting  feature  of  this  wavy  interface  is  the  frequent  association  of  shear 
deformations/fractures  with  the  wave  tips.  This  phenomenon,  observed  frequently  in  both  explosively  welded 
and  ballistically  impacted  metals  (Salam  and  Al-Hassani,  1981,  and  Finnegan  et  al.,  1987),  was  noticed  in  both 
crater  and  bubble  fragments  from  some  of  the  propellant  tests.  An  illustrative  sketch  of  the  interfacial  wave  and 
shear  patterns  found  along  the  debris  bubble/second  layer  contact  surface  is  shown  in  Fig.  9. 


COVER  PLATE 


Fig.  9.  Sketch  of  debris 
bubble/propellant  layer  impact 
interface  showing  interfacial  wave 
structure  and  shear  fracture  system. 
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The  presence  of  this  impact  jetting  pattern  suggested  a  method  for  determining  the  initiation  stimulus  for  the 
detonation  reaction  found  at  the  larger  air  gaps.  Briefly,  a  minimum  angle  between  two  colliding  bodies  is 
required  to  initiate  jetting,  hence  a  wavy  interface.  Above  the  minimum,  wave  amplitude  and  period  both 
increase  with  angle.  For  axially-symmetric  impacts  of  curved  and  planar  surfaces,  where  the  collision  angle 
increases  continuously  with  time,  wave  size  will  be  a  maximum  near  the  crater  edge.  Since  shear  length 
increases  roughly  with  wave  size  (Finnegan  et  aL,  1987),  maximum  shearing  should  also  occur  in  that  region  as 
shown  in  Fig.  9.  By  using  a  concave-curved  impact  surface  shaped  to  match  that  of  the  bubble,  the  collision 
angle  everywhere  is  reduced  below  this  minimum,  preventing  formation  of  the  wavy  interface  and  associated 
shears.  This  shape  also  results  in  more  uniform  loading  of  the  bubble  wall.  Conversely,  using  a  convex-curved 
impact  surface  of  the  same  shape  reverses  these  effects  (i.e.,  minimizes  the  initial  contact  area  while  increases 
shearing  of  the  bubble  wall  by  loading  the  bubble  incrementally  and  by  shifting  the  minimum  angle  for  jetting 
towards  the  center  of  the  contact  area). 

Two  similar-velocity  impacts  of  debris  bubbles  on  concave-  and  convex-curved  surfaces  were  conducted  to  test 
this  idea.  To  reduce  cost,  impact  surfaces  were  hemispherical  in  shape  rather  than  shaped  to  match  that  of  the 
bubble,  and  were  machined  out  of  inert  simulant  rather  than  live  propellant.  The  uppter  edge  of  the  concave  one 
was  rounded  to  match  the  edge  of  the  bubble.  Surfaces  were  identical  in  size;  both  were  50.8  mm  in  diameter. 
The  air  gap  for  both  was  34.9  mm  (to  point  of  impact).  The  impact  velocity,  for  both,  was  the  minimum  for 
which  detonations  were  observed  previously  in  HEP-2  propellant.  The  low  impact  velocity  was  chosen  to 
minimize  the  initial  shock  pressure,  hence  reduce  the  probability  that  detonation  would  occur  for  both  impact 
conditions.  Results  for  these  tests  are  summarized  in  Table  6  and  also  shown  in  Fig.  10  and  11. 


Table  6.  Summary  of  debris  bubble/curved  surface  impact  tests. 


1st 

1st 

Air 

2nd 

2nd 

Projec¬ 

tile* 

Impact 

Bubble 

Steel 

Plate" 

Propellant 

Layer 

Gap. 

mm 

Propellant 

Layer 

Steel 

Plate" 

Velocity, 

m/s 

Velocity, 

m/s 

Reaction 

MSB 

simulant*^ 

mild 

sphere 

299 

no  visible  reaction 

mSBM 

simulant^ 

mild 

sphere 

e 

delayed  detonation 

^  1.59  mm,  95  BHN  (mild)  or  370  BHN  (hard)  steel. 

^  Sphere  mass:  28.2  g. 

^  50.8-mm-diameter,  convex-curved  hemispherical  impact  surface. 

50.8-mm-diameter,  concave-curved  hemispherical  impact  surface. 
*  Velocity  could  not  be  measured. 


Fig.  10.  Photographic 
sequence  for  debris  bubble 
impact  on  convex-curved 
surface.  (28  jis  interframe 
timcl 
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Fig.  11.  Photographic 
sequence  for  debris  bubble 
impact  on  concave-curved 
surface.  (28  ps  interframe 
time) 


DETONATION 


As  seen  in  the  two  high-speed  photographic  sequences  (Fig.  10  and  11),  impact  against  the  concave  surface 
resulted  in  detonation,  whereas  impact  against  the  convex  surface  resulted  in  no  reaction.  These  tests  indicate 
that  the  reaction  mechanism,  in  this  case,  is  the  initial  shock  entering  the  bubble  rather  than  another 
mechanical  process.  This  explanation  is  consistent  with  observations  indicating  very  short  (<3  ps)  reaction 
delay  times  after  bubble  impact.  It  also  provides  an  explanation  for  the  reaction  observed  with  the  ogival 
projectile.  Projectile  shape  is  irrelevant  in  this  situation  as  the  projectile  only  serves  to  propel  the  bubble 
across  the  air  gap.  This  mechanism  has  been  proposed  by  other  investigators  as  an  explanation  for  XDT 
reactions  (Green  et  al.,  1985). 


HYDROCODE  STUDIES 

Two  hydrocode  studies  were  conducted  as  part  of  the  program.  One,  a  study  of  debris  bubble  expansion  and 
breakup  processes,  was  done  using  an  Eulerian  hydrocele,  CSQ  HI,  developed  at  Sandia  National  Laboratories 
(Thompson,  1979).  The  other,  a  study  of  bubble  impact  and  reaction  processes,  was  done  using  an  Eulerian 
hydrocode,  SMERF,  originally  developed  at  the  New  Mexico  Institute  of  Mining  and  Technology,  Socorro,  NM 
(Libersky  and  Lundstrom,  1992). 

CSQ  HI  Hydrocode  Study 

As  an  aid  to  understanding  the  debris  bubble  expansion  and  breakup  process,  a  parametric  study  was  conducted 
using  an  Eulerian  hydrocode,  CSQ  III.  An  earlier  version  of  this  code,  CSQ  U,  had  been  used  successfully  to 
model  debris  bubble  breakup  processes  in  hypervelocity  impacts  (Grady  and  Passman,  1990).  The  study  was 
performed  to  establish  the  basic  character  of  the  debris  bubble  and  to  establish  bubble  breakup  elongation 
trends  as  a  function  of  various  target  and  impact  parameters.  The  parameters  that  were  varied  included  impact 
velocity,  propellant  layer  thickness,  and  plate  material.  Runs  were  made  against  "half  targets"  only;  impact 
against  a  second  propellant  layer  was  not  considered. 


Hydrocode  Model  of  Debris  Bubble  Exports  ion/ Breakup  Process.  The  output  of  each  hydrocode  run  consisted  of 
a  sequence  of  computer  plots  showing  the  deformed  cross-sections  of  the  projectile  and  target  layers  at  constant 
time  intervals.  Such  a  sequence,  for  a  38.1-mm-thick  propellant  layer  with  a  1 .59-mm-thick  steel  cover  plate 
impacted  by  a  19.0-mm-diameter  steel  sphere  at  1158  m/s,  is  shown  in  Fig.  12.  At  30  p.s  the  projectile  has 
perforated  the  plate  and  is  penetrating  through  the  propellant  layer.  By  60  ps  a  bubble  has  started  to  form  at  the 
rear  surface  of  this  layer.  The  layer  elongates  and  thins  down  and  starts  to  fragment  at  some  time  prior  to  150 
|is.  By  180  ps  fragmentation  is  complete  and  the  projectile  has  started  to  exit  from  the  solution  space.  The 
plots  indicate  that  the  debris  bubble  can  be  regarded  as  an  expanding  hollow  shell,  similar  to  those  occurring  in 
hypervelocity  impacts  (Swift  et  al.,  1970).  The  exterior  shape  closely  matches  that  seen  experimentally  at 
distances  out  to  75-100  mm  (Finnegan  et  al.,  1990). 

From  the  computer  plots,  debris  bubble  elongation  as  a  function  of  time  and  at  breakup  can  be  determined.  A 
series  of  debris  bubble  measurements,  made  from  the  hydrocode  runs  at  the  time  of  breakup,  is  contained  in 
Table  7.  An  examination  of  breakup  elongation  data  in  Table  7  shows  that  breakup  elongation  increases  with 
impact  velocity,  ptropellant  layer  thickness,  and  plate  density. 
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Fig.  12.  Hydrocode 
plots  for  19.0  mm  steel 
sphere  impacting  38.1 
mm  propellant  layer  with 
1.59  mm  steel  cover 
plate  at  1158  m/s.  (30 
.Us  intervals) 


Table  7.  Summary  of  hydrocode-calculated  debris  bubble  breakup  elongations. 


Cover  Plate** 

Propellant 

Layer 

Thickness, 

mm 

Projectile* 

Impact 
Velocity,  m/s 

Bubble 
Velocity,  m/s 

Bubble  Breakup 
Elongation, 
mm*" 

Bubble 

Breakup 

Thickness, 

mm*^ 

steel 

12.7 

sphere 

38.4 

1.8 

steel 

25.4 

sphere 

1158 

813 

54.9 

2.0 

steel 

38.1 

Sphere 

1158 

715 

71.9 

15 

steel 

38.1 

sphere 

975 

584 

60.5< 

1.8 

steel 

38.1 

sphere 

1341 

813 

77.0 

1.8 

steel 

38.1 

sphere 

1524 

952 

85.6' 

1.3 

aluminum 

38.1 

Sphere 

li58 

813 

65.3 

1.5 

none 

12.7 

sphere 

1158 

1016 

32.1 

2.8 

none 

25.4 

sphere 

1158 

908 

44.7 

2.3 

none 

38.1 

sphere 

1158 

855 

54.6 

1.8 

none 

38.1 

Sphere 

975 

737 

48.5 

2.0 

none 

38.1 

sphere 

1341 

991 

57.8 

1.5 

none 

38.1 

Sphere 

1524 

1124 

57.8 

2.0 

none 

38.1 

ogive 

1158 

914 

48.1 

1.8 

“  1.59  mm  tnickness. 

^  28.2  g.  mass. 

Measured  nornial  to  propellant  layer,  from  exit  side  to  front  of  bubble. 
Measured  25.4  mm  behind  front  of  bubble. 

*  Estimated. 


Debris  Bubble  Mechanics.  It  should  be  pointed  out  that  the  debris  bubble  is  not  a  spall.  A  spall  is  the  result  of 
tensile  failure  when  a  shock  wave  is  reflected  back  into  the  material  as  a  rarefaction  at  a  free  surface.  Bubble 
formation  in  the  present  case  is  a  much  longer  term  process  produced  by  the  mechanical  interaction  of  the 
projectile  with  the  propellant  layer.  This  is  clearly  shown  by  the  modeling  results.  Impedance  matching  can 
be  used  to  determine  the  initial  shock  pressure  in  the  propellant  (Jones,  1972).  For  a  steel  projectile  impacting 
at  1158  m/s,  the  shock  pressures  for  several  case  materials  are  compared  with  breakup  elongation  values  in 
Table  8.  It  is  apparent  that  there  is  no  correlation,  indicating  that  the  initial  shock  is  not  responsible  for 
breakup  of  the  bubble.  Grady  and  Fassman  (1990)  have  postulated  that  breakup  is  the  result  ot  instabilities  that 
develop  on  the  bubble  surface. 


Table  8.  Comparison  of  initial  shock  pressures  in 


propellant  with  bubble  breakup  elongations. 

Plate 

Material 

Pressure, 

cav 

Breakup 

Elongation, 

mm* 

none 

8.9 

54.6 

aluminum 

9.9 

65.3 

steel 

8.9 

71.9 

Initial  shock  pressure  in  propeUanl  from  impact  of  steel 
sphere  at  1 158  m/s. 

b  Measured  normal  to  propellant  layer,  from  exit  side  to 
front  of  bubble. 


iiuiim'il 


:^i 


llydroc(HlelExperimenlal  Bubble  Breakup  Elongation  Comparison.  A  comparison  of  hydrocode-calculated 
bubble  breakup  elongations  with  measured  values  (from  Table  2)  for  different  thicknesses  of  bare  and  covered 
HEP-1  propellant  is  shown  in  Fig.  13.  Agreement  is  quite  good.  A  similar  comparison  for  38.1  mm  slabs  of 
bare  and  covered  HEP-2  propellant  at  different  impact  veltKitics  is  shown  in  in  Fig.  14.  Measured  values  for 
this  propellant  are  somewhat  higher  and  differences  between  bare  and  covered  material  arc  larger  than  predicted. 
Uata  trends  for  both  targets  are  about  the  same  as  predicted  ones,  htiwcvcr. 


llydrocode  Bubble  Breakup  EtongaiionJ Detonation  Limit  Comparison.  A  comparison  of  hydrocode  calculated 
bubble  breakup  elongations  with  upper-air-gap  detonation  limit  values  (from  Table  3)  for  bare  and  covered  HEP- 
2  profrellant,  as  a  function  of  impact  velocity,  is  shown  in  Fig.  l.S.  Agreement  between  experimental  and 
hydrocode  measurements  is  quite  good  for  covered  propellant  but  less  so  for  bare  material.  The  jKtor  agreement 
for  the  latter  is  apparently  caused  by  excessive  projectile  deformation,  during  penetration,  for  the  hydrocode 
model.  Trend  differences  for  the  two  conditions  appear  to  reflect  differences  in  projectile  deformation.  A 
comparison  of  projectile  deformation  levels,  at  the  two  velocity  extremes,  shows  little  difference  for  bare 
propellant  impact.s,  but  large  differences  for  covered  propellant  impacts. 


Fig.  13.  Bubble  breakup  elongation  versus 
propellant  layer  thickness  for  HF.P-1  propellant. 
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IMPACT  VELOCITY,  nVs 

Fig.  14.  Bubble  breakup  elongation  versus 
impact  velocity  for  HEP-2  propellant. 


Fig.  15.  Comparison  of  upper-air-gap 
detonation  limits  with  hydrocode-calcu¬ 
lated  bubble  breakup  elongations  for  cov¬ 
ered  and  bare  HEP-2  proiicllant. 


SMERE  llydrocode  Study 

To  examine  the  shock  initiation  mechanism,  debris  bubble  impact  and  reaction  processes  were  studied  using  an 
Eulerian  hydrocodc,  .SMERF,  and  the  Forest  Fire  reactive  bum  model.  To  simplify  the  analysis,  only  impacts 
against  bare  propellant  were  considered.  The  target  consisted  of  two  38.1 -mm-lhick  propellant  layers  separated 
by  a  25.4  mm  air  gap.  The  air  gap  was  chosen  so  that  the  debris  bubble  was  unbroken  at  impact.  Impact  was  by 
a  19.0  mm  steel  sphere  traveling  at  1158  in/s. 


Modeling  Conditions.  Four  debris  bubblc/sccttnd  layer  conditions,  listed  in  Table  9,  were  modeled.  To  reduce 
costs,  the  last  set  of  computer  iterations  prior  to  impact  of  the  bubble,  in  die  first  run  (Run  1 ),  was  saved  and 
used  as  the  starting  point  for  the  other  runs  (Runs  2-4).  Bubble  "sensili/ation"  was  achieved  by  shifting  the 
Pop  plot,  for  the  undamaged  propellant,  downward  until  detonation  occurred  (Fig.  16).  (The  Pop  plot,  a  power 
law  fit  of  run  distance  to  detonation  versus  input  pressure,  is  a  methtxi  for  plotting  data  from  a  wedge  test 
(Dienes  and  Dick,  1984)).  Although  there  is  evidence  that  the  slope  changes  for  damaged  (porous)  material 
(l.indstrom,  1970),  the  amount  of  change  required  in  the  present  circumstance  was  unknown.  Based  on  this 
uncertainty,  it  was  decided  to  use  tuc  original  slope  as  a  first  approximation  for  the  damaged  material. 
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Fig.  16.  Pop  plot  used  in  SMERF  hydrocode 
study. 


Table  9.  Modeling  conditions  for  debris  bubble/ 


second  propellant  layer  impacts. 


Hydrocode 

Run 

Debris  Bubble 

2nd  Propellant 
Layer 

1 

inert 

inert 

2 

live/sensitized 

inert 

3 

live/sensitized^ 

inert 

4 

live/sensitized 

live 

Projectile  removed  prior  to  bubble  impact. 


Hydrocode  Model  of  Impact  Pressure  Distribution.  The  first  impact  condition  (Run  1),  shown  in  Fig.  17,  was 
done  primarily  to  examine  the  pressure  distributions  within  the  bubble  wall  after  impact.  Consequently,  the 
bum  model  was  not  activated.  From  Fig.  17.  there  appears  to  be  no  significant  recomp»ression  of  the  bubble 
wall  except  in  the  frontal  portion  between  the  projectile  and  the  second  layer. 


Fig.  17.  Hydrocode 
plots  for  impact  of  inert 
debris  bubble  (with 
projectile)  on  inert 
propellant  layer.  (2  ps 
intervals) 


Hydrocode  Models  of  Detonation  Process.  The  second  condition  (Run  2),  shown  in  Fig.  18,  was  done  to 
establish  threshold  conditions  for  initialio”.  of  reaction  and  transition  to  detonation  in  the  bubble  wall. 
Minimum  conditions  were  met  by  the  lo'ver  Pop  plot  in  Fig.  16.  The  six-fold  pressure  reduction  required  is 
within  the  range  of  values  reported  by  other  investigators  (Weirick,  1990).  As  seen  in  Fig.  18,  reaction  begins 
at  the  debris  bubble/second  layer  contact  surface. 


"S?- 
■  ■ 


Fig.  18.  Hydrocode 
plots  for  impact  of 
sensitized  debris  bubble 
(with  projectile)  on  inert 
propellant  layer.  (2  ps 
intervals) 
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The  third  condition  (Run  3),  snown  in  Fig.  19,  was  done  to  examine  the  influence  of  the  projectile  on  the 
detonation  process.  For  this  run,  the  projectile  was  removed  just  before  impact  and  the  bubble  allowed  to 
impact  alone.  The  result,  essentially  unchanged  from  the  run  made  with  the  projectile  in  place  (Fig.  18). 
indicated  that  the  reaction  was  caused  by  the  initial  shock  and  not  the  reflected  (compressional)  shock  from  the 
projectile  front  surface. 


Fig.  19.  Hydrocode 
plots  for  impact  of 
sensitized  debris  bubble 
(without  projectile)  on 
inert  ptropellant  layer.  (2 
(IS  intervals) 


The  fourth  condition  (Run  4),  shown  in  Fig.  20,  was  done  to  examine  the  effects  of  a  live  second  layer.  In  this 
situation,  reaction  in  the  bubble  was  able  to  initiate  reaction  in  the  second  layer  that  transitioned  to 
detonation.  This  result  indicates  that  direct  transfer  of  reaction  from  bubble  to  second  layer  can  occur  for 
sufficiently  sensitive  materials. 
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Fig.  20.  Hydrocode 
plots  for  impact  of 
sensitized  debris  (with 
projectile)  on  live 
propellant  layer.  (2  ps 
intervals) 


CONCLUSIONS 

The  main  conclusions  to  be  drawn  from  this  study,  involving  the  normal  impact  of  spheres  and  ogival  cylinders 

on  a  planar  model  of  a  solid  rocket  motor  containing  high-energy  propellant  and  a  center  bore,  are: 

1 .  A  projectile  impacting  and  penetrating  a  layer  of  energetic  material  at  a  sufficiently  high  velocity  creates  a 
"bubble"  of  material  at  the  rear  surface.  Impact  of  the  expanding  bubble  on  a  second  layer  of  energetic 
material  results  in  reaction  that,  under  certain  conditions  and  for  sufficiently  energetic  material,  transitions 
into  a  detonation  wave  that  propagates  back  through  the  wall  of  the  bubble. 

2.  From  experimental  and  hydrocode  studies,  the  initiation  mechanism  for  this  delayed  detonation  reaction  has 
been  identified  as  the  initial  shock  entering  the  bubble  after  impact  on  the  second  propellant  layer. 

3 .  The  reaction  is  bounded  by  a  lower  velocity  limit  and  by  a  range  of  air  gaps  (i.e.,  distance  between  the  two 
layers  of  energetic  material).  The  maximum  air  gap  for  detonation  roughly  coincides  with  the  maximum 
expansion  distance  for  the  bubble  before  breakup  (i.e..  breakup  elongation).  The  minimum  air  gap 
represents  a  lower  damage  threshold  level  for  detonation. 

4.  The  use  of  hydrocode  models  greatly  enhances  the  interpretation  of  the  experimental  data  by  providing 
information  not  easily  obtainable  otherwise  (e.g.,  debris  bubble  characteristics)  and  by  providing 
confirmation  of  experimental  evidence. 
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ABSTRACT 

Orbital  debris  pose  a  danger  for  spacecraft  in  orbit.  Protection  against  this  threat  is  obtained  by  shielding.  One  or  more 
shields  placed  at  some  distance  from  the  stnicture  to  be  protected  can  minimize  the  damage  inflicted  by  projectiles  at  high 
velocity.  The  range  of  velocity  between  0  and  8  km/s  is  well  covered  by  tests.  Unfortunately,  the  average  velocity  of  debris 
in  low  earth  orbit  is  above  10  km/s  with  a  maximum  velocity  around  15  km/s.  The  methodology  presented  in  this  paper 
aims  to  validate  the  numerical  approach.  It  wiil  predict  and  extrapolate  the  behavior  of  muiiishock  shields  in  the  velocity 
range  between  8  and  15km/s.  The  formation  and  propagation  of  the  debris  cloud,  after  perforation  of  the  shields  and  the 
generation  of  damage  in  the  backwall,  are  key  factors.  These  phenomena  are  examined,  discussed  and  illustrated  with 
correlation  between  numerical  simulation  with  EFHYD™  analytical  formulae  and  test  results. 

Keywords  :  Hypervelocity,  Impact,  Orbital  debris.  Damage,  Hydrocode. 


INTRODUCTION 

Orbital  debris  belongs  to  a  man-made  environment.  It  is  generated  by  the  destruction  of  payloads,  upper  stages  or  any 
hardware  in  orbit.  The  number  and  the  size  of  debris  is  a  function  of  the  destruction  mode:  explosion  or  collision.  The 
size  ranges  from  tiny  particles  to  huge  chunks  of  satellites. 

The  debris  size  of  interest  is  defined  by  the  size  of  the  spacecraft,  the  mission  characteristics,  and  the  associated  system 
requirements.  For  manned  craft,  safety  aspects  of  orbital  debris  are  most  relevant.  Projectiles  to  be  considered  are 
generally  between  1  and  10  mm  in  diameter.  The  density  of  aluminum  is  accepted  as  representative. 

The  literally  most  striking  characteristics  of  debris  is  their  potentially  high  relative  velocity.  Maximum  relative  velocity  in 
low  earth  orbit  is  approximately  15  km/s  with  an  average  around  11  km/s.  In  order  to  arrest  such  high  velocity  particles, 
often  a  dual  shield  system  is  imployed,  that  consists  of  a  first  bumper  plate,  a  spacing  and  a  second  backup  plate.  While 
the  bumper  plate  may  well  be  perforated  by  a  striking  debris,  the  backup  plate  must  definitively  arrest  the  debris  cloud, 
formed  after  perforation  of  the  bumper  plate.  Sometimes  the  bumper  plate  is  replaced  by  two  bumper  plates.  Because  tests 
cannot  be  readily  performed  above  8  km/s.  computer  simulation  is  necessary  to  investigate  the  upper  velocity  range. 
Before  these  simulations  can  be  believed,  an  acceptable  level  of  confidence  in  the  computer  results  has  to  be  established. 
The  following  report  addresses  this  subject. 


HYPERVELOCITY  IMPACT  PHYSICS 

When  .solids  collide  at  speeds  of  the  order  of  several  kilometers  per  second,  megabar  pressures  are  generated  (Zukas, 
1982).  Because  these  pressures  exceed  the  strength  of  materials  by  many  factors  of  ten,  this  is  a  regime  where  it  is  possible 
to  neglect  the  effect  of  strength  and  to  treat  the  solid  as  an  inviscid  compressible  fluid.  The  pressures  eventually  decay  and 
the  material  strength  then  becomes  the  dominant  factor,  determining  the  final  configuration  in  which  the  material  comes 
to  rest. 

If  the  target  is  thick  enough,  only  cratering  will  occur.  This  complex  process  is  driven  by  mechanical  and  metallurgical 
properties  of  the  target  as  well  as  projectile  characteristics. 


When  a  particle  strikes  a  plate  at  high  velocity,  the  compressive  shock  is  attenuated  as  it  travels  through  the  plate  and  is 
generally  reflected  off  the  rear  surface  as  a  rarefaction  wave. 

If  the  plate  is  thin  enough,  the  reflected  wave  will  be  so  intense  that  a  portion  of  the  rear  surface  of  the  plate  may  be 
ejected  with  a  momentum  sufficient  to  damage  other  parts  of  the  structure.  This  phenomenon  is  called  spalling. 

Perforation  results  from  the  combination  of  cratering  and  spalling.  A  detailed  study  of  these  mechanisms  show  that 
perforation  can  occur  for  plate  thicknesses  significantly  greater  than  the  expected  depth  of  penetration  when  calculated  as 
a  semi-infinite  target. 
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The  hypcrvclociiy  impact  of  a  projectile  upon  a  thin  metal  plate  produces  a  subsequent  formation  of  hack  surface  debris. 
At  sufficiently  high  impact  velocities,  roughly  greater  than  3  km/s  for  aluminum  (depending  upon  the  shock  impedances 
of  the  materials  involved),  shock  formation  and  interaction  dominate  and  control  the  overall  response  of  both  the 
projectile  and  the  target  plate.  For  relatively  high  velocities  (>  6  km/s)  shock  heating  can  produce  melting  and 
vaporization  of  both,  projectile  and  target  and  the  formation  of  a  debris  cloud.  Because  of  the  complexity  of  the  physical 
interactions,  numerical  simulation  of  such  problems  is  necessary  to  draw  quantitative  conclusions  about  the  cloud 
configuration  in  order  to  be  able  to  design  and  predict  the  behavior  of  the  backup  plate  (spalling,  cratering).  The  first 
major  area  of  interest  in  the  simulation  field  are  the  equations  of  state  which  describe  the  behavior  of  the  shocked 
material.  A  review  of  the  literature  and  a  comparison  and  explanation  of  the  different  models  has  been  carried  out.  A 
second  major  area  of  interest  concerning  low  impact  velocities  (2-5  km/s  for  aluminum  on  aluminum)  for  the  bumper  and 
particle  interaction  as  well  as  residual  cloud  impact  on  the  backup  plate  for  higher  striking  velocity,  is  the  dynamic 
fracture  and  fragmentation  of  both  projectile  and  target. 

The  capability  for  computing  the  disintegration  behavior  under  hypervelocity  impact  conditions,  in  general,  r.ust  include 
mathematical  models  with  accurate  spalling  and  fragmentation  capabilities  as  well  as  adequate  high  prcssu'r  equations  of 
state  '.or  iiielting  and  vaporization.  In  fact,  the  damage  of  the  backwall  depends  on  the  state,  mass  ar.j  velocity  of  the 
debris.  Vaporized  materials  produce  a  distributed  load  that  may  buckle,  collapse  or  spall  the  plate.  Solid  fragments  or 
droplets,  on  the  other  hand,  produce  more  point  loads  where  they  impact  and  may  penetrate  the  backwall  (local  cratering). 

The  significance  of  a  shield  is  that  it  can  fragment  the  projectile,  spread  the  fragments  radially  and  significantly  reduce 
size,  density  and  velocity  of  many  of  the  fragments  (Fig.l). 


Figure  1  ;  Backwall  impact  damage 

4  mm  diameter  aluminum  projectile,  V  =  7  km/s,  normal  impact,  2  mm  aluminum  bumper, 
1.5  mm  aluminum  backwall,  200  mm  spacing 


If  the  conditions  arc  adequate,  released  fragments  are  liquefied  and  distributed  fairly  homogeneously  at  the  front  of  the 
debris  cloud.  Spla.shc.s  of  molten  material  arc  produced  as  well  as  plastificd  droplets,  collapsing  upon  hitting  the  back-up 
structure  (Fig.2),  This  allows  a  better  distribution  of  the  loading  on  the  structure  protected  by  the  shield. 


FiEure  2  ;  Examples  of  material  splashes  and  plastified  droplets  after  impact  (Electron  scanning  microscope, 

magniftcation  ■  IflO,  200  x) 
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The  debris  cloud  can  thus  induce  in  the  structure  three  main  types  of  loading  ; 

-  cratering, 

-  spalling, 

-  impul.sc  inducing  gross  deformations. 


BACKGROUND  WORK 

The  reported  technological  work  has  been  undertaken  to  support  the  design  of  the  COLUMBUS  pressurized  modules. 
Certain  parameters,  like  projectile  characteristics,  shield  spacing  and  material  selections,  are  controlled  by  project 
requirements.  The  ba.seline  shielding  is  considered  here  (Fig. 3). 

Once  the  configuration  is  chosen,  the  basic  need  of  the  designer  is  to  be  able  to  predict  if  the  pressurized  wall  of  the 
spacecraft  will  be  perforated  or  not  by  a  certain  projectile.  Projectiles  to  be  considered  according  to  project  requirements 
range  from  I  to  10mm  aluminum  spheres. 

Considering  a  Whipple  shield  concept,  and  illustrating  the  hypcrvelocity  impact  physics,  the  required  backwall  thickne.ss 
shows  (Fig.4)  a  first  peak  around  3  km/s,  associated  with  a  poor  fragmentation  of  the  projectile.  The  curve  goes  down 
from  the  peak  to  a  minimum  at  around  8km/s.  It  highlights  the  effects  of  the  improved  fragmentation  with  increa.sing 
velocity.  The  minimum  corresponds  roughly  to  the  beginning  of  the  liquid  phase  for  the  debris  cloud.  For  higher 
velocities,  the  required  thickness  must  increase  again  as  the  projectile  momentum  continues  to  grow. 


Figure  3  :  COLUMBUS  attached  prepurized  module  Figure  4  :  Ballistic  limit  curves  of  a  single  shield  and 
Meteoroids  and  orbital  debris  protection  configuration  g  double  wall  meteroids  and  orbital  debris  protection 


Unfortunately,  projectile  accelerators  are  limited  in  performance.  Technologies  other  than  the  commonly  used  light  gas 
gun  can  be  considered.  They  can  only  accelerate  projectiles  with  aspect  ratios  that  do  not  correspond  to  the  considered 
particles.  For  example,  shaped  charges  arc  considered,  however,  getting  an  adequate  projectile  is  not  yet  fully 
demonstrated  and  documented. 

Experimental  data  arc  available  in  the  velocity  range  defined  by  the  accelerator  performances  (Fig. 5).  The  exploration  of 
the  velocity  range  above  8  km/s  is  thus  limited  to  computer  simulation. 


p.-ojccLilc  moss  (without  soboL)  [IR^r«  g] 


Figure  S  :  Define  light  gas  gun  performances 
(from  Ernst  Mach  Institute,  (Germany) 
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THE  CODE 

EFHYD-2/3D™  is  a  finite  element  Arbitrary  Lagrange-Euler  (ALE)  code  for  the  elastoplastic  and  hydrodynamic  analysis 
of  multimaierial  continua  and  structural  systems.  The  code  handles  in  two  and  three  dimensions  solid  and  shell  elements 
with  impact  sliding  surfaces  and  various  boundary  conditions.  Manual  and  automatic  rezoning  as  well  as  complete 
reme.shing  coupled  with  ALE  or  Eulcrian  capabilities  are  available  to  perform  simulations  for  the  highly  distorted  shapes 
typical  of  hypervelocity  impacts  (Fig. 7). 

EFHYD  has  been  extensively  used  and  validated  in  a  wide  range  of  hydrodynamic  applications  for  defence  and  space 
industries  especially  considering  fragmentation  phenomena. 

Key  features  of  a  hydrodynamic  code  arc  the  material  descriptions  (Anderson.  1987)  ; 

-  equations  of  state  (EOS)  (High  pressure  and 
phase  changes). 

-  constitutive  modelling  (strength). 

-  failure  modelling  (damage). 

The  velocity  range  (8-15  km/s)  considered  here  covers  all  3  states  (solid,  liquid,  vapour)  for  aluminum  and  the  associated 
phase  changes.  A  correct  description  of  this  transition  is  thus  a  must  for  the  selection  of  the  equations  of  slate. 

Many  simple  equations  of  state  (Mie-Grunei.scn  EOS  or  TilloLson  EOS)  do  not  cover  the  whole  pressure  range 
encountered  here.  More  .sophisticated  EOS.  like  the  ANEOS  package  (Sandia)  or  SESAME  tables  (Los  Alamos),  including 
several  analytical  models  and  experimental  data  enable  the  numerical  simulations  for  a  large  range  of  densities, 
temperatures  and  phase  transitions.  The  tabulated  Sesame  EOS  is  used  here.  It  is  well  correlated  with  experiments  and  its 
accuracy  is  acceptable  for  most  of  the  applications. 

The  constitutive  model  has  to  cope  with  the  elastoplastic  behavior  at  high  strain  rates  and  pressure  :  Johnson-Cook  or 
Steinberg  models  in  which  the  plastic  flow  depends  on  pressure,  strain  rates,  and  temperature  are  incorporated  in  the  code 
and  arc  used  for  the  description  of  the  elastoplastic  regime. 

Satisfactory  ductile  fracture  models  have  to  incorporate  the  contribution  of  3  distinct  mechanisms  ; 

-  crack  and  void  nucleation, 

-  crack  and  void  growth. 

-  coalescence  and  propagation  of  cracks  and 
voids. 

A  detailed  description  of  these  mechanisms,  as  in  the  SRI  model  (Curran,  1987).  requires  the  determination  of  many 
material  parameters.  This  approach  would  require  many  experiments  to  precisely  characterize  the  material,  and  would  be 
difficult  to  integrate  in  a  global  modeling  of  the  phenomena  from  an  engineering  viewpoint.  For  this  reason,  the  SRI 
model  is  not  considered.  The  simpler  Sandia  Model  (Grady  et  a!.),  based  on  energy  balance  and  statistical  considerations 
is  incorporated  in  the  code.  It  accounts  for  material  degradation  <^uc  to  damage  and  includes  a  fragmentation  model.  The 
model  has  been  used  to  describe  dynamic  fragmentation  occur  g  in  brittle  and  ductile  solids  with  reasonable  success 
(Trucano,l9X9). 


VALIDATION  PROCEDURE 

As  no  direct  and  full  scale  testing  is  possible  with  the  current  test  capabilities,  the  validation  beyond  8km/s  has  to  include 

the  verification  of  two  important  features  : 

-  each  key  physical  phenomenon  involved  in  the  backwall  loading  has  to  be  validated  ;  the  cloud  density  and  the 
spreading  angle,  the  cratering,  spalling  and  gross  deformation  have  to  be  checked  for  various  equivalent  cloud 
impinging  conditions  ; 

-  the  trends  observed  with  increasing  velocity  have  to  be  predicted  by  the  code,  which  can  be  determined  indirectly  by 
assessing  the  pressure  on  the  backwall  (high  velocity  cases). 


Reference  cases 

The  purpose  of  this  investigation  is  to  confirm  the  ability  of  the  code  to  predict,  for  the  actual  geometry,  the  main  features 
of  the  shielding  with  a  projectile  representative  of  those  expected  for  COLUMBUS. 

The  velocity  chosen  must  be  compatible  with  the  experimental  device  but  high  enough  to  produce  the  debris  cloud  in  a 
liquid  phase  which  is  repre.sentative  of  the  velocity  range  of  concern.  Parametric  analysis  has  shown  that  apart  from  mass, 
velocity  and  .spreading,  the  density  of  the  debris  cloud  impinging  on  the  backwall  is  a  key  element.  For  this  purpose, 
bumper  hole  diameter,  spray  angle  and  backwall  prcs.surc  have  to  lx;  cross-checked  with  test  results. 

Piezorcsistivc  pressure  transducers  have  been  mounted  within  back-up  plates  in  a  sandwich  arrangement.  In  this  way,  a 
pressure-time  record  can  be  obtained  on  the  back-up  plate  at  the  center  of  the  fragment  cloud  impact  area  (Fig. 13). 
Pressure  pulses  of  the  order  of  .some  tens  of  kilobars  have  been  detected.  Similar  measurement  .set-ups  arc  u.sed  for  all 
validation  pha.scs. 


Visuali.sation  of  fragment  clouds  has  been  achieved  by  means  of  X-ray  fla.sh  techniques  as  well  as  image  converter  camera 
photo  series.  Both  methods  are  appropriate  to  derive  fragment  cloud  expansion  velocities  (Fig. 6). 


Fijjure  6  :  Kinematics  of  fragment  cloud  sisuali/ed  hy  an  image  converter  camera.  5  mm  aluminum  bumper. 

2  mm  diameter  projectile.  S.l  kni's 
Photos  time  step  :  I  ms.  Fragment  cloud  velocity  7.1km  s 

An  additional  case  with  dillorcm  thicknesses  lor  the  second  bumper  is  considered  to  evpiore  the  eltect  ol  the  dehns  cloud 
vanalions  on  the  backwcill. 


Material  validation  cases 

A  relation  has  to  Iv  established  between  the  shock  uave  ampliimle  and  the  debris  cloud  densiiv  on  the  tnie  hand  .ind  the 
cratering  and  spalling  on  the  other  tuind. 

As  some  degree  ol  sht'Ck  wave  unih'nnitv  is  needed  to  correlate  the  test  results  with  the  c.ilculatu'iis.  the  proiectiles  are 
made  ol  circular  Hat  plates  impacting  the  target  on  a  surl.ice  signilie.intlv  larger  than  the  measurement  gauges 

Oillerent  projectile  m.itenals  and  si/es  are  used  to  evpiore  the  ellects  ol  the  debris  cloud  deiisiiv  and  geometrv  lAnailed 
simulations  ol  the  damage  in  the  plate  have  been  undertaken 

As  spalling  can  be  inlluenced  bv  the  time  duration  ol  the  pulse,  the  proiectile  thickness  allows  a  p.iramelric  investigation 
of  this  imixmam  impact  charactensiic 


llifih  velocity  cases 

The  obiect  ol  this  mvesiig.ition  is  to  demonstrate  the  evtra|s'lation  capabilities  ol  the  code  lor  verv  high  velocities 

F'or  this  t.isk.  at  least  two  conditions  in  the  up(vr  velocitv  range  have  to  be  investigated  As  the  acceleralors  have  iiniiictl 
perlorniances,  a  small  proiectile  diameter  is  used  ;o  alU'w  to  cover  cv'iiditunis  leading  to  lu)uid  vlebris  clouds  W  iin  small 
proiectiles.  a  reasonable  damage  pattern  on  the  b.iskwall  can  only  lx-  ohtaitied  alter  sc.ihng  ol  the  conriguralioii 

The  validity  ol  the  geonietncal  scaling,  at  least  lor  moilest  ratios,  has  been  demotistralevl  i  Wesiine,  |osn  S'l 
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Description  of  the  methodology 

Comparisons  with  evperiments  are  made  on  dillerent  paianieters  ,  kirunuin,  pwiom  ti  iivsidual  velouly  ol  ihe  sioud. 
hv'le  vliameters  in  ihe  bumpers,  sprav  angles  and  clouil  parameters  hke  the  shajv  ol  the  cloud  with  ev(iloii,iiu>n  ol  X  rav 
|victuresi.  but  also  on  /i^cwurc  mciisurcmt  nt\  on  the  backwall  whish  can  K'  ihoughi  ol  .is  an  indirecl  measuremeiii  Im  the 
densiiv  ol  Ihe  cloud 

.'I)  numeric, il  sinuil.ilK'iis  .ire  jvrlomied  tor  the  Whipple  voiicept  as  well  as  lor  multishosk  shieM  ssmcepis  i  '  plaiesi  Due 
to  Ihe  relative  compleviiv  ol  such  c.ilculalioiis  and  the  need  I'l  paramelnc  analyses  lo  undersiand  the  ['liysics.  ,i  simphlicil 
11)  melhoitology  is  also  c.ihbratevl  and  usevt  to  predict  Ihe  cIoikI  stale  aiul  Ihe  backw.dl  beh.ivu  i  Ibis  mived  .ippro.ich. 
using  .’1)  smiiil.ilions  .md  .i  siniplilieil  ID  c.iK iilalioii.  has  already  tveii  valid.ited  tor  ivpic.il  c.ises  and  will  be  iiecess.irv  lo 
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Description  of  a  triple  plate  simulation 
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de)Viidiiig  on  Ihe  'l.ile  ol  the  piogMile  .iiid  Ihe  Ix-havu'r  ol  the  imp.ulerl  laiget 

Ihe  siiiiiil.iii,'.!,  Is  .hvi.led  inlo  s  ..n  p'.  .is  lollows 
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(c)  impact  on  the  second  bumper, 

(d)  flight  and  expansion  of  the  debris  cloud 
to  the  backwall, 

(e)  impact  on  the  backwall. 

Using  a  remeshing  technique  and  an  ALE  processor,  it  becomes  possible  to  simulate  these  successive  phenomena  (Fig. 7). 

(a)  Impact  on  the  first  bumper  (Bl).  The  first  impact  simulation  has  already  been  validated  (Dubois,  1988).  It  leads  with 
high  accuracy  (less  than  a  few  percent  w.r.t.  the  experiment)  to  the  determination  of  the  hole  diameter  and  the 
residual  velocity  of  the  debris  cloud  (Table  1.1).  This  phenomenon  lasts  about  2.5  micro.scconds  (Fig  7)  for  the 
considered  configuration. 

(b)  Flight  and  expansion  of  the  debris  cloud  to  the  .second  bumper  (B2).  From  the  time  of  the  first  impact  to  the  impact 
on  the  second  target  (bumper  in  case  of  multishock  shield  concept  or  backwall  in  case  of  a  Whipple  concept),  which 
occurs  at  about  8  micro.scconds,  one  can  observe  a  rcica.sc  phenomenon  with  an  expansion  of  the  cloud,  resulting  in  a 
heterogeneous  distribution  of  mass  (sharp  gradient  of  density). 

In  particular,  one  can  sec  in  front  of  the  cloud  a  thin  liquid  zone  of  relatively  high  density.  For  this  impact  velocity  (8 
km/si  a  density  of  about  0.56  g/cm3  is  found,  which  is  significantly  greater  than  in  the  internal  pan  of  the  cloud 
(Fig.X). 

(c)  Impact  on  the  second  bumper.  For  a  .striking  velocity  of  8  km/s,  physical  phenomena  involved  in  this  second  impact 
arc  quite  different  from  those  rc.sulting  from  the  first  bumper  impact.  A  relatively  low  density  projectile,  made  of 
vapour,  liquid  and  fragments,  impacts  the  second  bumper  with  a  velocity  close  to  the  initial  velocity.  Apan  from  me 
melting  at  the  interface,  vaporisation  occurs  during  the  compression  of  the  impacting  cloud.  This  impact  is  no  longer 
purely  hydrodynamic. 

The  impacted  bumper  undergoes  deformations  under  applied  pressure  and  the  use  of  an  adequate  failure  law  is 
necessary  to  obtain  good  results  for  the  residual  velocity  of  the  secondary  cloud  and  for  the  hole  diameter  A  simple 
EOS  model  alone  is  no  longer  valid.  The  correlation  between  the  simulation  and  the  experiment  shows  a  good 
agreement  concerning  the  residual  velocity  and  the  hole  diameter  in  the  bumper  (Table  1.1). 

(d)  Flight  and  expansion  of  the  debris  cloud  to  the  backwall.  After  perforation,  the  cloud  continues  to  spread  behind 
the  second  bumper.  Only  a  small  part  of  the  total  mass  flying  to  the  backwall  appears  to  come  from  the  initial  debris 
cloud.  This  kinematic  phase  is  quite  similar  to  the  previous  pha.se  between  Bl  and  B2  at  a  lower  velocity  level. 


(e)  Impact  on  the  backwall.  The  last  stage  of  the  simulation  is  the  impact  of  the  resulting  cloud  on  the  backwall. 
Measurements  of  the  pressure  were  performed  with  a  Manganin  gauge,  and  the  correlation  between  the  calculation 
and  the  experiments  is  quite  good  (see  Tables  1.1  and  1.2). 


BUMPER  1 


Vo  a  8  Km/s 
tl  a  0.8  mm 
l2  a  0.5  mm 
t3  *  3.2  mm 
d  s  4  0  mm 


I  =  0.0  kis 


Figure  7  :  History  of  a  high  velocity 
projectile  perforation  of  a  triple  plate 


Figure  8  :  Debris  cloud  material  stale 
and  density  before  .second  impact 


Material  validation  cases 

Objectives.  The  early  objectives  of  the  material  test  cases  were  to  reproduce  the  behavior  of  the  backup-plate,  impacted 
by  a  debris  cloud,  generated  by  a  very  high  velocity  projectile  (up  to  15  km/s).  Up  to  10  km/s  and  for  the  studied 
configuration,  the  average  residual  velocity  after  the  second  bumper  appears  to  be  less  than  1  km/s.  Such  a  velocity  level 
can  be  reached  with  the  current  facility  but  experiments  are  now  restricted  by  the  low  density  and  large  radii  inherent  to 
an  equivalent  flat  load. 

Materials  with  densities  lower  than  .9  g/cm3  tend  to  collapse  under  acceleration  imposed  by  a  light  gas  gun.  Considering 
these  experimental  limitations,  it  is  difficult  to  reproduce  a  peak  pressure  resulting  from  a  density  representative  of  such  a 
debris  cloud.  However,  it  is  possible  to  observe  the  cratering  and  .spalling  procc.sses  in  order  to  validate  the  material  models 
implemented  in  the  code.  The  selected  configuration  includes  a  flat  projectile  (Radius  ;  15  mm.  thickness  =  5  mm) 
impacting  at  about  I  km/s  an  aluminum  target  11.6  mm  thick. 
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:hl 


Vbt 

(km/s) 

f  < 

0b  t 
(mm) 

0b2 

(mm) 

71/72 
(in  °) 

7T/7'2 

(in”) 

Experiment 

6.76 

0.75 

7.80 

.4.4 

29/56 

8/25 

2D  calculation 

6.90 

0.70 

8.(X) 

.48 

3.)/45 

10/ 

1 D  calculation 

5.85 

5.00 

Experiment 

6.76 

0.975 

7.80 

70 

40/56 

14/47 

2D  calculation 

6.90 

0.90 

8.00 

40/45 

1 D  calculation 

5.85 

5,45 

. 

Lenend  : 


R1  n  =  4  mm,  V  =  8  km/s,  tl=O.Hmm.  l2  =  0.8  mm;  O  =  .V2  mm;  Sl  =  S2  =  60mm 

R2  0  =  4  mm.  V  =  8  km/.s',  tl  =  0.8  mm.  (2  =  0.5  mm;  l3  =  4.2  mm:  S I  =  S2  =  fiO  mm 

0  panicle  diameter 

Vb|  debris  cloud  velocity  after  Isl  bumper 

Vb2  debris  cloud  velocity  after  2d  bumper 

0bi  diameter  of  1st  bumper  perforation  hole 

0b2  diameu;r  of  2d  bumper  perforation  hole 

71/72  main  and  total  spray  angle  behind  l.st  bumper 

Y I  fY'2  rnain  and  total  spray  angle  behind  2nd  bumper 

Table  1.1.  Reference  cases  :  Comparison  between  experiments  and  computer  simulations 


pressure  on 

Bl 

B2 

Back  wall 

Experiment 

2D  calculation 

1 D  calculation 

1.2  Mbars 

1.2  Mbars 

75.0  Kbars 

95.0  Kbars 

4.5  Kbars 

4.0  Kbars 

Experiment 

2D  calculation 

ID  calculation 

1.2  Mbars 

1.2  Mbars 

80.0  Kbars 

85.0  Kbars 

6.(K)  Kbars* 

5.75  Kbars 

6.(X)  Kbars 

*Due  10  the  relatively  low  pressure  on  the  hai  kwall  tn  both  eases,  no  significant  damage  appears  on  the  hackwall 
for  this  velocity. 


Table  1.2.  Reference  cases  :  Comparison  between  experiments  and  computer  simulations 

Physical  phenomena  related  to  the  impact.  In  the  ca.se  of  a  planar  normal  impact  of  a  flyer  plate  (equivalent  flat  load) 
on  a  target  plate,  a  state  of  purely  one  dimensional  strain  is  produced  in  both  projectile  and  target.  One  great  advantage  of 
this  geometry  Is  that  it  is  relatively  amenable  to  analysis.  However,  the  pre.sence  of  lateral  boundaries  can  result  in  a 
substantial  alteration  of  the  strain  history  of  the  material. 

At  the  moment  of  the  impact  the  shock  begins  to  propagate  into  both  the  flyer  plate  and  the  target  plate.  At  the  same 
moment,  rarefactions  originating  at  the  lateral  boundaries  begin  to  propagate  into  the  target  and  the  flyer.  These 
rarefactions  can  cause  both  a  rapid  stress  relea.se  and  a  transition  to  iriaxial  .strain.  The.sc  simple  experimenis  are  used  to 
evaluate  and  validate  the  numerical  tool  for  compression  (cratering),  for  tension  (spalling)  and  gross  deformations  of  the 
plate. 

Numerical  modeling.  The  material  models  used  for  the  aluminum  alloy  are  the  same  as  for  the  simulation  of  the 
previous  reference  cases.  A  Mie-Gruneisen  equation  of  state  is  used  for  the  Makrolon  and  Cellotex.  combined  with  a 
Johnson-Cook/.Steinberg-Guinan  model. 

The  plate  and  the  projectile  are  discrcti/ed  with  four  node  brick  elements.  The  total  number  of  elements  is  about  2(X)(). 
Several  numerical  simulations  were  carried  out  and  compared  with  experimental  results. 


V 

(km/s) 

Peak  pressure 
(Kbars) 

r  Bubble  on  rear  plate 
(spallation) 

Crater  on  rear  plate 

Cases 

0(mm) 

h  (mm) 

0  (mm) 

h  (mm) 

Ml  exp 

Ml 

1.4 

72/48  "I 

18.5 

2.8 

1.4 

80/75 

2 

20.5 

2.6 

M2  exp* 

1.7 

70/24 

20.0 

4.0 

M2 

1.7 

80/85 

8.0 

<  5.2 

2.4.0 

4.7 

M.4  exp^ 

l.l 

- 

<  1,0 

20.4 

1.9 

M4 

1,1 

65/58 

1.4 

17.0 

2.1 

M4  exp 

l.l 

51/40 

<  0.8 

20.0 

2.0 

M4 

l.l 

.54/46 

_ .  .  .. 

l.l) _ 

16.0 

2.0 

exp 

run 

*  ejecta  velocity 

2.3  kmfs 

2.0  km/s 

spalliny  velocity 

140  m/s 

140  nits 

Leyend 

( 1 )  projcculc  of  5  mm  length  (Makrolon) 

(2)  projcculc  of  8  mm  length  (Makrolon) 

(4)  projectile  of  8  mm  length,  4  mm  Makrolon  +  4  Cellotex 

Table  2  :  Material  validation  cases 
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good  agreement  with  available  expenmeraal  P  L;  ,  ^  ^  simulation  Moreover,  the  implemented 
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(see  Table  2). 


Figure  9:  Scenario  of  deformation 
for  one  material  validation  case 


HiriJKm'i  IMPACT  t>NBl 
uucrcci  DP  . 


Figure  10  :  Pressure  contours  in  Mbar 
during  the  first  bumper  impact  (velocity  :  20  km/s) 
(diameter  of  the  particle  :  4  mm) 


High  velocity  cases 

Numerical  simulations  give  detailed  information  not  dirccUy  measurable  from  tests,  like  local  density,  temperature  and 
state  of  the  projectile,  the  bumper  and  the  debris  cloud  (Fig.lO).  During  the  second  impact,  the  rebound  of  the  debns 
cloud  (Fig.l  1)  is  typical  of  the  rebound  observed  in  the  test.  The  backwall  impact  damage  is  sensitive  to  projectile  condi¬ 
tions  and  to  shielding  configuration.  At  7  km/s,  craters  generated  by  solid  fragments  arc  still  present  (Fig.l).  At  8  km/s,  lor 
the  triple  plate  configuration,  no  crater  can  be  identified  (Fig.  12). 


-i.  -.liv-..' 


Figure  12  :  Backwall  impact  damage  4  mm  diameter 
aluminum  projectile, 

V  =  8  km/s,  normal  impact  0.8  mm  aluminium 
1st  bumper  /  0.5  mm  aluminum  2d  bumper, 

3.2  mm  aluminum  backwall,  120  mm  spacing 


According  to  the  performance  curves  of  the  experimental  facility,  the  maximum  velocity  cases  arc  performed  at  appro¬ 
ximately  9..‘i  km/s.  This  velocity  is  well  inside  the  liquid  phase  regime  lor  aluminum  alloys. 

The  maximum  nressure  induced  by  the  debris  cloud  on  the  backwall  is  correctly  predicted  by  the  code  ^ 

Siculations  have  been  performed  and  validated  on  a  Whipple  concept,  two  more 

muti  shock  shield  concept.  In  Tables  2A  and  2B,  the  principal  numerical  results  as  well  as  the  available  cxpcnmcmal 
arc  given.  One  can  notice  the  good  correlation  between  both  .set  of  data. 
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Backwall 

pressure 

Pressure 

BI 

Pressure 

B2 

Whipple 

concept 

0 

Experiment 

8  km/s,  0  =  2inm 
20  calculation 

ID  calculation 

59kbars 

60kbars 
58  kbars 

1 .2  Mbars 

1 .2  Mbars 

N.A. 

N 

Experiment 

10  km/s,  0  =  2mm 
2D  calculation 

1 D  calculation 

40kbars 
40  kbars 

1.6  Mbars 
1.6  Mbars 

N.A. 

Multi 

shock 

shield 

concept 

N 

Experiment 

8  km/s,  0  =  2mm 
2D  calculation 

ID  calculation 

N.A. 

1.2  Mbars 

1 .2  Mbars 

25  kbars 

N 

Experiment 

10  km/s,  0  =  2mm 
2D  calculation 

1 D  calculation 

2.2  kbars 

1.6  Mbars 

1 .6  Mbars 

5.5kbars 

Table  2A  :  Comparative  table  for  pressure  values 


Vbl 

(km/sl 

Vb2 

(km/s) 

0b  1 
(mm) 

0b2 

(mm) 

7i/y2 

(cn°) 

ri/Y’2 

Whipple 

concept 

|vi| 

Experiment 

8  km/s,0  =  2mm 
2D  calculation 

1 D  calculation 

7.1 

6.8 

6.2 

N.A. 

4.1 

N.A. 

30/47 

N.A. 

Experiment 

10  km/s,  0  =  2mm 
2D  calculation 

1 D  calculation 

8.4 

N.A. 

4.8 

N.A. 

35/50 

N.A. 

Multi 

shock 

|V3J 

Experiment 

8  km/s,  0  =  2mm 
2D  calculation 

ID  calculation 

7.1 

6.8 

6.2 

N.A. 

4.1 

N.A. 

30/47 

N.A. 

shield 

concept 

N 

Experiment 

10  km/s,  0  =  2mm 
2D  calculation 

1 D  calculation 

8.4 

0.1 

4.8 

75 

35/50 

19/38.5 

*no  perforation  the  second  bumper 


Table  2B  :  Comparative  table  for  kinematics  values 


Figure  13  :  Comparison  of  numerical 
and  experimental  backwall  pressure 


Figure  14  :  Geometrical  results 


EXTRAPOLATION  BEYOND  TEST  CAPABILITIES 


Extrapolation  to  higher  velocities 

The  correlalion  between  experiments  and  calculations  shown  in  the  previous  paragraphs  gives  confidence  in  the  possi¬ 
bility  to  extrapolate  with  the  numerical  code  the  behavior  of  triple  plate  shieldings  at  higher  velocity.  Three  simulations 
with  impact  velocities  of  10,  15  and  20  km/s  are  analyzed  to  estimate  the  behavior  of  the  actual  multi-shields  concept.  The 
previously  calibrated  and  validated  material  models  are  used.  Figures  14  and  15  represent  the  evolution  of  the  phenomena 
during  all  impacts  (first  bumper,  second  bumper  and  backwall)  for  an  impact  at  20  km/s.  Typically,  for  this  velocity,  the 
pressure  peak  is  about  25  kbars  on  the  backwall  (see  Fig.  15). 
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Figure  IS  :  Typical  backwall  impact 
with  a  projectile  diameter  of  5  mm  at  20  km/s 


Multi-sheet  shield  concept  :  Ballistic  limif 


Figure  16  :  Multi-sheet  .shield  concept :  ballistic  limit 


Elaboration  of  a  design  curve 

In  order  to  be  able  to  establish  a  design  curve  for  the  given  configuration  of  the  protection  svstem.  a  1D/2D  simplified 
memodology  has  been  established  and  validated  against  full  2D  simulations.  Several  calculations  arc  carried  out  for 
different  vclocitites  and  for  different  diameters  of  impacting  particles. 

The  evaluation  of  the  ballistic  limit  for  a  given  velocity,  is  obtained  in  making  iterative  calculations  around  the  diameter 
which  leads  to  the  perforation  of  the  protection  system.  Five  velocities  between  8  and  20  km/s  arc  analyzed  The  table 
below  summanzes  these  simulations. 


PROJECTILE 

DIAMETER 

PROJECTILE  VELfXlTY 
(km/s) 

(MM) 

8 

10 

12 

15 

20 

4 

X* 

X* 

X* 

5 

X 

X 

6 

X  1 

X 

X 

7 

X 

X 

X  1 

X 

8 

X 

X 

X 

9 

X 

*  validated  against  full  2D  analysis 


Results  :  Establishment  of  the  design  curve 

For  all  the  simulations  carried  out  for  the  establishment  of  the  design  curve,  the  damage  ob.scrved  in  the  backup  plate  is 
mainly  due  to  gross  deformations  under  .shear  and  prc.ssurc  loading.  One  can  observe  that  the  line  describing  the  design 
curve  (Fig.  16)  pre.scnts  a  certain  level  of  uncertainties.  As  the  calculation  is  performed  with  a  finite  clement  code,  EFHYD, 
reprpenting  a  continuous  medium,  individual  fragments  generated  during  the  impact  cannot  be  simulated  In  order  to 
verify  whether  or  not  a  generated  fragment  can  perforate  the  backup  plate,  a  formula  relating  crater  diameter  and 
impactor  diameter,  density  and  velocity  is  used  (Klopps,  1990) 
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CONCLUSIONS 

The  objective  of  this  work  was  to  analyze  the  current  meteoroid  debris  protection  system  in  a  velocity  range  between 

not  covered  by  tests.  After  specific  adaptations  and  validation,  the  numerical  tool 
ot  bSI,  EFHYD  ",  has  been  used  for  the  extrapolations  beyond  the  present  test  capabilities. 

The  following  main  conclusions  can  be  drawn  ; 

(i)  The  principal  physical  phenomena  occurring  during  a  hypervelocity  impact,  as  well  as  the  different  models  being 
able  to  accurately  represent  this  complex  physics  in  the  whole  range  of  impact  velocity  under  consideration,  has 
been  discussed  and  compared.  The  most  suitable  models  for  the  above  mentioned  problem  were  implemented  in  the 
numerical  simulation  tool  EFHYD™  for  spalling,  cratering,  gross  deformations  and  EOS. 

(ii)  In  order  to  validate  EFHYD™,  different  experiments  have  been  carried  out  with  the  following  logic  : 

-  comparison  of  the  simulations  with  the  experiments  on  a  configuration  as  close  as  possible  to  the  actual  geometry. 

-  calibration  ^d  validation  of  the  implemented  material  laws  with  flat  load  experiments. 

-  indirect  vdidaiion  of  the  cloud  density  with  the  pressure  measurement  of  the  back  wall  on  a  Whipple  concept. 

-  extrapolation  for  higher  velocities  (up  to  9.2  km/s)  on  a  multi  sheet  shield  concept. 

All  simulations  carried  out  were  in  good  agreement  with  the  different  experiments  concerning  the  observed  physical 
trends  but  al.so  concerning  kinematic  values  like  hole  diameter  in  the  plates,  residual  velocity  of  the  cloud  spray 
angles,  etc,,  and  pressure  values  on  the  back  wall. 

(iiil  After  direct  and  indirect  validations  in  the  test  range,  the  validated  numerical  tool  EFHYD.  is  used  to  perform 
extrapolation  calculations  beyond  10  km/s  with  realistic  projectile  sizes.  Three  extrapolation  calculations  arc 
performed  on  the  current  MDPS  configuration  at  10  km/s.  15  km/s.  and  20  km/s.  A  simplified  .D/2D  numerical 
methodology  is  developed  and  validated  against  full  2D  numerical  simulations.  This  simplified  mcLhodology  is  then 
used  to  obtain  the  design  curve  of  the  current  MDPS  configuration  between  8  km/s  and  20  km/s.  Fiowever,  and  in 
order  to  be  more  general,  this  methodology  should  be  validated  lor  other  MDPS  configurations  and/or  other  particle 
diameters.  A  number  of  tests  could  be  suggested  for  this  purpose.  Shaped  charge  fragments  impact  with  reasonable 
L/D  aspect  ratio  could  also  be  performed  in  order  to  extend  the  direct  validation  range  of  the  simulation  tool. 
Concerning  an  indirect  validation  of  a  cloud  in  a  vapor  state,  lead  material  could  be  used  instead  of  aluminum  and 
prcs.surc  measurement  could  be  made  on  the  backwall.  Similar  but  simplified  validation  methodology  could  be 
applied  for  non  normal  impacts  (with  possibility  of  rebound)  in  order  to  validate  the  3D  simulation  tool  as  well  as  to 
obtain  design  curves  for  different  incidence  angles. 
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ABSTRACT 

Miidelinj;  certain  classes  of  hypervelocity  impact  events  requires  laboratory  materials  data  for  benchmarking  purpos¬ 
es.  These  data  include  Flugoniot  states,  release  path  and  strength.  Two  classes  of  impact  techniques  have  been  em¬ 
ployed  for  measuring  equution-of-st:''e  properties  for  rocks  and  rock  simulants  These  techniques  both  use  velocity 
interferometer  diagnostics.  One.  employing  a  sample-in-projectile  geometry,  provides  high-precision  Flugoniot  data 
and  continuous  release  trajectories  for  dry  or  water-saturated  materials.  The  majority  of  the  present  experiments  have 
been  performed  w  ith  this  geometry.  The  other,  employing  a  sample-in-target  geometry,  provides  loading  path  and 
llugoniot  data  as  well  as  lunited  release  data.  Materials  studied  by  these  two  techniques  have  included  a  variety  of 
tuffs,  rhyolites,  carbonates,  grouts  and  an  epoxy-alumina  mixture.  Uncertainties  in  the  results  from  these  techniques 
hav  e  been  estimated  by  analyzing  the  effects  of  errors  in  observables  and  ancillary  material  properties. 


INTRODUCTION 

In  a  lupcrvclocity  event  such  as  meteoroid  impact  cratering,  shocks  strong  enough  to  melt  or  vaporize  geological 
media  may  be  found  in  the  immediate  vicinity  of  the  impactor.  Flowever.  much  of  the  interesting  physics  of  the  cra¬ 
tering  process  occurs  at  the  lower  stress  levels  seen  outside  of  this  relatively  small  volume.  Material  ejection  is  sig- 
ndtc.intlv  affect  -d  by  material  behavior  in  the  region  <U)t'CiPa  lOpik.  U)7 1 ).  For  relatively  low  velocity  impacts  lup 
to  about  lb  km/sec  for  silicates),  pressures  generally  do  not  exceed  10b  OPa  anywhere  in  the  system. 

Modeling  these  events  (.Ahrens  and  O'Keefe.  10X7.  Hardage.  1007.  Roddy  ctal.  10X7)  requires  appropriate  mateiial 
descriptions.  'Hie  most  commonly  used  description  for  the  solid  components  of  the  system  has  been  the  Mie-Orii- 
neisen-based  model  of  Tillotson  ( 10S2)  Ithough  other  models  have  been  employed  (Roddy  cl  ul.  10X7)  such  as  that 
of  Schuster  ami  isenberg  ( 1072).  These  models  may  lx*  benchmarked  bv  laboratory  gas-gun  tests  designed  to  eluci- 
d.ite  material  properties  of  inter  a 

[he  main  properties  of  interest  include  Hugoniot  conditions,  loading  history  and  release  behavior  (continuous 
unloading  traiectories  where  possible  i.  Material  strength  is  of  interest  for  small  events,  but  not  for  such  large  scale 
problems  as  asteroid  impact.  Where  loading  conditions  are  uniaxial  (as  with  the  present  shock-wave  experimentsi. 
•ixial  stress,  motion,  wave  velocity  (c.  ’ipression  and  release)  and  densitv  (or  axial  strain)  are  the  characteristics  o( 
inier.  si,  Hueoniot  states  alone  (e.g.  Marsh.  IbXb.  McDueen  ci  at.  Ib7b)  do  not  siifhcientlv  constrain  material  mod¬ 
els. 

In  the  present  paper,  techniques  for  measuring  these  properties  over  the  range  b  -  Ibb  (iPa  with  gas-gun  tests  instru¬ 
mented  wiiii  VI.SAR  ( Velocityjnterferometry  Ji.v^tem  for  A'H  Rellectori  (Barker  and  Hollenbach.  l')72i  are  dis¬ 
cussed.  How  the  data  may  be  use<l  and  what  appropriate  error  bounds  may  lx*  placed  on  the  data  will  also  lx* 
discussed. 

Natiinl  geological  materials  and  artificial  simulants  (eg.  gioulsi  pose  seveial  problems  for  obtaining  meaningful 
dynamic  data.  Scales  of  heterogeneities  tend  to  lx*  signilicantly  larger  than  the  spot  si/e  lor  which  data  is  retuined  to 
.1  IS, ‘SR  I  hese  maten.ils  .d  o  dten  have  a  moisture  lonleni  which  must  lx*  preserved  d  in  \itu  properties  .ire  to  Ix' 
me.isured  Finally,  such  m.iteii.ils  as  rock  m.iieri.ils  with  significant  ice  conteot  must  tx*  tested  (and  ptefer.iblv  pre 
se.vedi  under  refnger.ited  conditions 

Iwo  imp. Id  techniques  h.ive  Ix'en  developed  to  measure  the  requisite  dvn.imic  piopeities  of  geologn.d  ui.iteii.ils 
Both  of  these  ue  used  w  ith  l.il'or.ilory  gun  systems  and  use  VIS.AR  tor  lone  resolved  w  .ivetonn  nx'.isiuemenis  ( )iie 


M  I),  hi  RMMI 


2t^H 


(referred  to  as  reverse-ballistic)  has  the  sample  in  the  projectile  and  gives  Hugoniot  and  continuous  release  inii.rma- 
tion.  The  other  (referred  to  as  forward-ballistic)  has  the  sample  in  the  target.  The  sample  is  backed  by  a  wiiidoa 
material.  This  configuration  is  especially  u.seful  for  mea.suring  loading  and  Hugoniot  information.  The  somewhat 
lower-resolution  piezoresistive  and  electroinductive  gauge  techniques  (e.g.  Miirri  ct  al,  1975)  have  contributed  to 
this  field  of  study  as  well,  although  these  techniques  will  not  be  discussed.  \ 

There  are  several  experimental  constraints  of  special  interest  for  testing  geological  materials.  Sample  sizes  generally  1 

arc  4-10  mm  thick  and  6  -7  cm  diameter  (2  -  2.2  cm  diameter  for  impact  velocities  of  2.5  -  7  km/sec.  w  here  a  tw  o- 
stage  light-gas  gun  must  be  used).  Hugoniot  stresses  available  depend  on  the  exact  configuration,  but  range  to  about 
T.S  CiPa  for  the  larger  samples  and  100  GPa  for  the  smaller  samples,  assuming  shock  impedances  of  typical  geologi¬ 
cal  materials.  Impact  velocities  may  range  from  several  lens  of  meters/second  to  about  7  km/sec.  The  present  config¬ 
urations  preserve  water  saturation  states,  although  care  mu.st  be  taken  during  sample  preparation  to  maintain 
saturation  levels.  It  is  quite  difficult  to  preserve  a  saturation  level  intermediate  between  fully  saturated  and  air-dried. 

.As  well,  many  geological  materials  (such  as  zeolitized  tuffs)  may  be  irreversibly  dewatered  by  simple  evaporation. 


RfiVERSE-BALLISTlC  TECHNIQUE  FOR  EVALUATING  HUGONIOT  AND  RELEASE  OF  GEO¬ 
LOGICAL  MATERIALS 


Consider  an  impact  experiment  with  the  design  shown  in  Fig.  1.  The  wave  interactions  and  observed  velocity  history 
for  this  design  are  also  shown  in  Fig.  1.  The  sample  is  mounted  in  the  projectile,  contained  in  an  aluminum  cup  to 
protect  it  from  gun  vacuum  and  backed  by  a  closed-cell,  high  strength  foam.  In  this  way  water  saturation  is  main¬ 
tained  during  the  experiment.  Upon  impact,  a  '  ck  propagates  through  the  aluminum  cup.  through  the  sample  and 
into  the  foam  backer.  A  release  is  reflected  foiward  through  the  sample,  the  aluminum  cup  and  target  components 
and  into  the  lithium  fluoride  window.  A  VISAR  monitors  the  velocity  history  of  the  aluminuin/lithium  fluoride  inter¬ 
face. 
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l-ig  1.  Conhguration  of  Rererse-Ballisiics  Configuration  (Powder  gun  adaptation  shovsni 
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Idle  most  basis  foi  m  of  generalls  usable  data  produced  by  this  experiment  is  a  velocilv  prohle.  .Material  models  ma> 
I'c  \ , did, lied  h\  comp.iring  computer  code  simulations  of  the  experiment  w  ith  the  obsersed  \sa\e  profiles.  I  iili/ing 
these  dal.i  requires  a  del.iiled  knowledge  of  such  experimental  particulars  as  component  dimensions  and  pron'ctile 
selocilx 

I liii'oiiiot  d.ii.i  ,ire  derixed  Irom  ihesc  profiles  h\  standard  impedance match  methods  iMcOueen  ci  ,//.  |0'(i.  see 
til, ids  ,iii<l  I  iirnish.  i'lbS.  loi  details  about  the  present  techiuquei  (Fig  2i.  Intorm.itioii  required  is  the  proieciile 
selm  US.  (tie  intti.il  s.imple  deiisits  .ind  the  seloi  ns  lesel  of  the  long  plateau  in  the  obsersed  selocits  profile  In  addi 
Ill'll,  the  lliigonioi  an,,  rele.ise  pioperlies  ot  die  cuj>  amt  ssindoss  materials  are  required,  .ilthough  these  .ire  kimssii  to 
coo, I  piei  I'loii  tor  iii,iieii,ils  susli  ,is  .iliimiiuim  and  liltmim  lUiorute  (Ix'tlei  lli,iii  I  percent  siiess  ,it  ,i  giseii  p,inicle 
s  el.'c  Its  I 
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Rck-asc  tiajcLiories  are  derived  by  modeling  the  experiment  computationally  (Cirady  and  Furnish.  Hugoniot 

data  are  also  redundantly  provided  from  the  computer  analy.sis.  We  have  used  the  wavecode  WONIJY  V.  a  one- 
dimensional  Lagrangian  wavecode.  After  the  Hugoniot  state  has  been  determined,  an  empirical  model  of  the  sample 
is  constructed  with  a  Mie-Grtineisen  loading  behavior  and  a  Lagrangian  release  modulus  described  by; 


=  =  /<„(  1 -t-Xfl, +  (where  x=“-l)  (Fiq.  I). 

“// 

Here,  has  units  of  pressure  and  the  other  ft,  (i  =  1,  2.  .1)  are  nondimensional.  fto  is  adjusted  to  match  the 
obsened  release  arriyuLtillie  on  the  VI.SAR  record;  the  Eulerian  sound  speed  at  the  Hugoniot  state  may  be  expressed 
as  =  ( P||/ pj  Jfiff/ p,|.  Next,  ft;  is  adjusted  to  match  the  initial  slope  of  the  relea's  signature;  then  fts  and  ft; 
are  adjusted  to  match  the  observed  curvature  of  the  release  curve  signature.  Within  the  uncertainties  of  the  fitting 
process.  ft(,  and  ft]  are  generally  determined  accurately,  while  fti  and  ft,  are  less  well  constrained.  The  release  path 
in  stress  versus  density  space  may^enJjC  determined  by  integrating  Hq.  I;  panicle  velocity  may  be  obtained  by  inte¬ 
grating  the  differential  dUf,  =  over  volume  from  the  Hugoniot  state  (ly  indicates  integration  along  the 

release).  In  practice,  this  fitting  process  is  iterative,  requiring  .f  -  1.5  runs  of  the  wavecode.  About  bOO  zones  are  used 
for  fypical  models. 


Fig.  2. 

Impedance  match  diagram 
for  standard  reverse- 
ballistics  configuration. 


Provides  tr.  Up 

If  loading  wave  is  steady,  then: 

U's  =  c^/polJp 

p  =  p,)U,/(lVUp) 


Fig.  .f  gives  an  indication  of  the  role  of  each  of  the  ft,  in  fitting  the  profile,  and  the  relation  between  htting  precision 
and  effects  on  the  calculated  release  trajectories  in  various  spaces.  The  particular  example  is  for  a  test  on  a  rhyolite 
(density  2.27(i  Mg/m  )  shocked  to  a  Hugoniot  stress  of  I  I.A  GPa.  The  initial  arrival  of  the  release  wave  corresponds 
to  the  sound  speed,  which  may  be  calculated  as  discussed  by  Furnish  ( I99()a).  Empirical  material  motlels  may  be 
derived  tlirectly  from  a  set  of  Flugoniot  points  and  ijcljease  curves.  (Tonsider  the  axial  release  modulus. 
K  =  and  its  first  three  stress  derivatives,  K  "  =  (ifK/dcj")  I  .  These  are  functions  of  stress  along 

the  release.  Their  values  at  the  Hugoniot  stress  may  lx- expressed  (Furnish.  199()b)in  tenns  of  the  ft;  described  above, 
the  Hugoniot  stress  ft//,  and  the  ratio  of  initial  to  Hugoniot  density,  pn/pij.  Each  of  the  may  then  be  expressed  as 
a  function  of  Hugoniot  stress  (each  experiment  generates  one  set  of  the  ;  this  then  gives  an  experimeni-based 

description  of  the  release  behavior  of  the  material  for  shocks  of  arbitrary  strength  within  the  experimental  range, 
riiis  technique  has  Ixen  used  to  estimate  errors  caused  by  using  an  approximation  that  a  grout  release  lies  along  the 
Hugoniot  when  correcting  gauge  stress  or  particle  velocity  to  in-siiu  conditions  (Wise  and  Chhabildas,  19X6). 


Time  (/usee)  Volume  (m^/Mg) 
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Optimd  fit  to  data 
Bq  odjusted  from 
240  (ya  to  260  GPa 
B,  up  from  2.2  to  2.3 
Bj  down  from  2.1  to  2.0 
Bj  up  from  0.7  to  0.8 


Fig.  V  Fttects  of  changing  respective  ft,  ctH'fticienls  in  WONDY  fits  (rhyolite.  1 16  (iPa) 
Normah/i-d  energy  is  (he  specilic  energy  on  the  release  divided  by  the  Hugoniot  specilic  energy 
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l.iniiliilioiis  of  the  Kevi'rst'Rdlli.slic  Method 

VVitli  this  technique,  releases  are  limitcti  by  the  non7ero  shock  impedance  of  the  foam.  In  turn,  the  foam  selected  is 
gov  erneti  by  strength  requirements;  it  must  support  the  acceleration  of  the  sample  and  cup  during  launch.  Releases 
ma)'  thus  be  measured  down  to  as  low  as  20  percent  of  the  llugoniot  stress  for  low-velocity  launches  (up  to  (1.7  km.t 
sec;  llugoniot  stresses  up  to  GPa.  depending  on  the  impedance  of  the  test  material).  On  the  other  hand,  tests  with 
the  2-stage  gun  at  4  -  7  km/sec  only  provide  releases  down  to  60-75  percent  of  the  Hugoniot  stress,  since  a  relatisely 
dense  10.7  gm/cm  )  plastic/glass  microballoon  composite  must  be  useii  for  the  I  -  2  mega-Ci  launch  environment. 

I  rom  such  data,  geologic  materials  may  be  characteri/ed  by  the  fraction  of  the  Hugoniot  specific  energy  retained  at 
half-stress  on  the  release.  Higher  fractions  correspond  to  greater  shock  attenuation  rates. 

1  he  sample  must  also  he  able  to  withstand  the  launch.  For  most  rock  materials  studied,  this  has  not  been  a  purblem. 
More  (listerrded  materials,  hovt  ever,  may  present  problems  with  this  technique. 

The  (iruneisen  gamma,  an  important  parameter  In  many  material  models,  can  be  only  •rpprosiniately  determinerl 
from  these  data.  There  are  two  reasons  for  this.  The  first  is  experimental;  this  technique  is  optimized  to  measure  a 
release  traiectory  and  single  Hugoniot  state  rather  than  a  difference  between  the  Hugoniot  and  the  release  traieciorw 
.\ny  llexibility  in  chitosing  a  Hugoniot  corresponds  to  an  uncertainty  in  progressing  from  a  release  curse  to  a  (irii 
neisen  parameter,  l  ire  second  reason,  common  to  uniaxial  experiments,  lies  with  the  inabilit)  of  this  iechnii|ue  to 
distinguish  between  the  strength  of  the  material  and  the  effects  of  shock  healing  or  ph;ise  changes. 

l  inally,  such  properties  of  the  loading  wave  as  precursors  (e  g.  an  elastic  wave  or  a  phase-transition  induced  precur 
sot)  and  the  rise  linie  are  not  measured  by  this  method.  For  many  luffs,  rhyolites  and  silicate-based  grouts,  this  is  trot 
a  signiticant  r  (uicern  because  the  strengths  (substantially  less  than  0. 1  GPai  are  very  siriall  compared  to  the  Hugoniot 
Stresses  ( 1  to  lOb  GPa).  More  competent  materials,  such  as  granites,  dunites  or  many  single-crystalline  samples,  do 
show  multiwase  stiuctures  in  forward-ballistic  experiments  (shock  transmitteni  through  sample  to  window;  see  later 
section  discussing  the  forward  ballistics  method).  Carbonates  may  show  precursors  related  to  the  ('aCO', 
1  — >  II  -^111  transitions.  Reverse-ballistic  testing  of  these  maieiials  must  be  interpreted  in  light  of  the  multi-wave 
structure.  Impedance-match  calculations  in  the  stress-particle  velocity  plane  give  the  correct  Hugoniot  stress  and 
particle  velocity,  but  the  shock  velocity  and  Hugoniot  density  must  be  ctilculaied  to  account  for  the  wave  structure. 
Releases  may  be  derived  by  the  iterative  wavecode  modeling  method  described  above  if  the  description  of  the  load¬ 
ing  behavior  in  the  wavecode  is  correct.  The  version  of  WGNDY  V  used  is  written  to  accommod;ite  a  two-wave 
loading  structuic  and  variable-modulus  release  simultaneously  in  the  sample  material 

Slren\:ths  of  the  HeYerse-Hnllistie  Method 

There  are  three  primary  reasons  for  using  the  reverse-ballistic  conbguration  where  possible.  First,  it  is  very  robust 
against  experimental  emrr.  Information  about  absolute  timing  of  the  trace  and  projectile  velocity  is  supplied  redun¬ 
dantly,  affording  cross-checking.  This  advantage  is  due  to  the  first  part  of  the  experiment  being  an  aluminum/alumi¬ 
num  impact,  where  6061 -T6  aluminum  properties  are  well-known. 

Second,  the  wave  interactions  are  relatively  sinrple  This  is  partly  due  to  the  very  good  inrpedance  match  between  the 
.iliiminum  buffer  and  the  lithium  tluoride  window.  While  the  expeiimemal  analyses  makes  cot rections  tor  all  wave 
interactions,  it  is  uselul  to  know  that  the  sample  has  i>eeu  subjected  to  a  simple  load/unload  path  with  iiiile  in  the  vvav 
of  extraneous  wave  interactions.  In  particular,  the  main  release  wave  travels  through  an  almirst  uncontaminaied 
Hugoniot  state  for  the  entire  sample  thickness  (compare  with  the  case  for  forward  ballistic  VIS.-\R  experinrenis. 
below  ).  Htis  second  adv  antage  does  not  hold  it  a  high-impedance  buffer,  such  as  tantalum,  is  used  insleatl  of  alumi 
niim  so  as  to  achieve  highei  shock  stresses  As  mentioned  below,  it  also  may  not  hold  tot  forward-ballistics  geome¬ 
tries. 

Thiid.  the  use  ol  a  btiffer  and  cup  piovides  an  intrinsic  averaging  of  the  response  ot  a  heterogeneous  niaienal  not 
atlorded  by  experiments  with  high  lime-resolution  stress  gauges,  while  prov  iding  a  high  lime  resolution  not  afforded 
by  largei  stress  gauges.  Not  only  is  the  data  more  representative  of  the  whole  sample,  but  the  retiecling  interface  is 
nnee  likely  to  surv  iv e  long  enough  to  allow  data  to  Ih‘  recorded  until  the  simple  load/unload  c  vc  les  are  complete  1 3 
6  psec).  in  recent  experiments  tvi  me.isure  tiarisient  loading  effects  in  sapphire,  the  sample  was  impacted  diiecllv 
onto  a  rellecting  suil.ice  of  a  lithium  tluoride  window  and  the  rellecling  surface  ivpicallv  was  lost  within  5lt  IOC 
nsec,  piob.ibly  due  to  ,i  combination  ot  heterogeneous  sam|'le  yielding  (cleavage'.’)  ami  bow  shock.  Hence,  even 
vvlieie  ,1  cup  is  not  used  (such  as  vviili  samples  (hat  do  noi  need  |o  be  isolated  fiom  gun  vac  nnnO  .i  buffet  is  noim.dlv 
used  III  this  c  oiitigiiiation. 

I  III  el  tiiiiitie\  .Ivvei  iiiteil  i\ith  fieeeise  Hidh\tie  l>iilii 

(  oiisidei  the  d.ila  .is  leduced  and  reported  in  three  siages:  wave  piohle.  llugoniot  dat.i  and  lele.ise  ti.iiec tones 
I  iiceilainties  in  eai  h  stage  ol  lediiction  aftect  lh.it  and  subsc-queni  stages 

I  he  vv.ive  piolile  is  niueitaiii  in  timing  ,nid  ampliiiide  Impact  lime  (which  is  delined  as  zero  timei  m.iv  t'c  est.ib 
lislied  bv  two  methods  ,ui  electioiiu  tidiici.il  geiiei.iicsl  by  a  tlnsli  pm,  .nid  .issnmed  shock  velocit'cs  tiirouch  the 
I’ll  I  lei  se]i;ii.iliiig  the  niip.ic  t  sui  l.ice  liom  the  w  indow  and  the  interf.ic  e  monitored  l>v  N'fS.XR  Foi  these  e\|iei  iiiieiits. 
assiuii'-d  I’littei  shoe  k  ti.insit  times  h.ive  genetally  Ih’cii  used,  with  an  uncertaiiilv  estimated  at  .ibout  10  iiscc  oo.imlv 
line  |o  Hill  eit.iiiitv  in  iiiieipieiiiu'  the  i  iw  \  IS  \R  (niigc'si  I  idiic  i.il  lime  determin.ilioiis  h.iv  e  esinbited  appie.  i.il'le 


. . 


t  .-'pi  ■ii-'i'  •  '• 


discicpani-'ics  with  the  Init’tcr  transit  time  deiermiiiations  (up  id  2(MI  usee);  this  is  aseiibeil  to  small  Imssinp  ot  pnnes' 
tile  ciimponeiils. 

Wave  profile  amplitutles  are  uneeriain  insofar  as  the  veloeily-per  fringe  ( VPI-)  is  iineerlain.  This  error  in  inrn  is  a 
eomhination  of  errors  in  calibrating  of  the  VISAR  leg  delay  and  in  the  assumed  index-of-retraciion  correction  fur  the 
w  indow  ( l+Av/V(|)  (about  I.2X  for  LiF.  O.d'')  to  1  .(K)  for  I’MMA.  1,03-1  .(16  for  fused  silica  and  1.75-  1.7X  for  sapphire 
(Wise  and  C’hhabildas.  lbX6;  Barker  and  Hollenbach,  l')70)).  The  combined  errors  here  are  limited  to  about  1  per 
cent, 

rite  lltigoniol  point  is  ctilculaied  as  discussed  above.  The  principal  uncertainties  are  the  projectile  velocity  (about  0,5 
-  1  percent),  the  average  value  of  the  velocity  plateau  on  the  VISAR  record,  the  initial  density,  and  errors  in  the 
tissumed  equiitions  of  state  for  the  tincillary  materials  (aluminum,  lithium  lluoride.  and  (where  appropriate)  tantalum 
or  copper.  Errors  In  ancillary  material  EOS  have  been  taken  arbitrarily  as  I  percent  in  stress  at  a  given  particle  veloc¬ 
ity;  this  may  understate  the  error  somewhat  at  stress  levels  o,,  S  4  GPa.  vvliere  strength  becomes  impvirtani.  Projec- 
liie  velocities  are  measured  by  pins  ( 1  or  2  independent  measurements  per  shot)  and  from  the  first  (short)  plateau  in 
the  V elocity  history;  uncertainties  are  taken  as  0.5  percent  unless  the  spread  of  these  readings  justihes  a  larger  uncer¬ 
tainty.  Often  the  most  difficult  uncertainty  to  assign  is  the  (Hugoniot)  plateau  velocity.  When  there  is  an  apparent 
step  in  the  middle,  an  average  value  is  taken,  w  ith  uncertainties  sufficient  to  bracket  both  elevations.  If  a  high-impeif- 
ance  buffet  is  used,  a  clean  step  may  conespond  to  aluminum  ringing,  and  the  two  elevations  may  be  used  separately 
(Orady  and  Eurnish,  IdXX).  A  large  hump  at  the  end  of  the  plateau,  as  found  in  some  tests,  is  not  included  in  ;inv 
av  eraging. 


.•\s  an  e.xample.  errors  for  Flugoniot  calculations  in  a  series  of  experiments  on  a  tuff  are  broken  down  according  to 
principal  causes  in  Fig.  4,  for  each  of  the  four  Flugoniot  quantities.  The  principal  contributions  to  ov  erall  Hugoniot 
uncertainties  are  projectile  velocity  and  velocity  plateau  level  for  typical  tests.  The  initial  density  erroi  is  a  far  less 

Test  # 

A(Proj.  Vel.) 

Mpu' 

A(Plat.  Vel.) 

AEOS  (Wallace  Al) 

AEOS  (Al  a(Up)tl'/r) 

AE,O.S  (LiEot  I'/f) 

AEOS  (AI.EiEat  I'/f) 

AEOS(AloTl'/f. 

LiFall'/f) 

[.;■:]  r:..] 

<(l.5'/r  (1.5  -  .3Vf  .3-l(»'/f  I()-.3(i'.F  .30-.5()'T  .50  •  7()'/f  70  -  lOO'f 

Fig.  4.  Fractional  error  contributions  to  a  tuff  Hugoniot  eiror  by  various  uncenainties. 

important  quantity  in  this  analysis.  Release  uncertainties  are  difficult  to  present  explicitly.  We  have  assessed  them  by 
perfoiming  a  perturbation-type  analysis  (Grady  and  Furnish,  14XX),  Tlie  principal  uncertainties  (broken  down  as 
observables)  are  the  prtijectile  velocity,  the  plateau  velocity  (hence  the  Hugoniot  state),  the  prohle  timing  relative  to 
impact  and  the  fitting  of  the  calculated  profile  to  the  experimental  profile  in  the  release  interval.  Other  uncertainties 
are  less  important:  ancillary  matetial  equations  of  state  (which  tend  to  'cancel  out  '),  initial  density,  and  sample 
thickness  (which  may  be  measured  very  closely  prior  to  the  experiment).  Fig.  5  shows  the  effects  of  perturbations  of 
the  observed  plateau  velocity  on  the  reported  release  curve  (Test  #  5  for  the  material  of  Fig.  4).  A  20  error  in  plateau 
velocity  (taken  here  loosely  as  meaning  about  an  XO  percent  confidence  interval)  gives  approxitnatelv  a  4  percent 
error  in /■>  E(t)(^/2)/E(0[.l)  (normalized  energy  at  half  of  the  Hugoniot  stress).  This  is  for  a  typical  test,  and  can  vary 
depending  on  the  oscillation  amplitude  of  the  VESAR  record  in  the  plateau  region  and  the  existence/absence  of  sucii 
anomalies  as  a  two-plateau  structure  or  a  large  bump  at  the  end  of  the  plateau.  .Similar  analyses  for  errors  in  impact 
velocity,  timing  and  iti  fitting  the  release  profile  show  2o  contributions  of  about  2  percent,  1  percent  and  1  percent, 
respectively.  The  fitting  error,  of  course,  is  dif  ficult  to  estimate  for  the  general  case,  .Adding  these  in  quadrature,  anil 
including  small  uncertainties  for  the  other  observables  and  the  .uicillaty  materials,  a  total  3rt  error  in  /  of  7-10  percent 
for  a  given  test  may  be  assumed 

/•  Vdui/i/e  III  Hi'U’rsc  Hiillisiii  Pata 

.A  set  of  reverse-ballistic  experiments  was  conducted  on  samples  of  Indiana  Idmestone  (IX'-;  porositv;  both  water 
saturated  and  dry).  1  his  material  is  nearly  pure  CaCO;.  These  experiments  are  chosen  as  representative  illiistratii'ns 
of  (his  technique,  w  hich  has  also  been  applied  to  a  wide  v  ariety  of  tuffs,  granites,  grouts,  other  catbon.iles.  cer.imn  v, 
single-crystals  and  metals.  .Sample  sizes  were  about  7  cm  diameter  and  6  mm  thick. 

W.ive  profiles  (oi  this  limestone  (fully  saluiatedi  ate  shown  in  l  ig.  6.  Only  pioliles  from  tests  with  aluminum  buffers 
and  cups  and  lithium  fluoride  windows  are  shown  liming  was  c.ilciilaied  liom  the  known  shock  speed  in  .ilumimim 
foi  these  mipai  I  i.oiidilions  (impact  is  zero  time) 

I  hiee  featuies  of  iiiteiesi  should  be  noted  I  he  basn.  wavefotiii  of  Fig.  1  is  lollowed,  although  Iheie  is  .i  shoil  dni.i 
tioii  velovitv  drop  .ifiei  (lie  initial  plateau  in  some  of  diese  velocity  histones.  Iliisdiop  is  almovt  icit.nniv  due  lo  ,i 
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gap  (in  some  cases  of  infinitesimal  width)  between  the  sample  and  the  cup.  A  zerr-width  gap  can  still  cause  such  a 
signature;  any  forward-running  release  will  outrun  a  following  reshock  to  give  a  finite-duration  signature  on  the 
observed  waveform.  This  has  a  very  minor  effect  on  the  calculation  of  the  Hugoniot  state.  As  well,  it  can  be  explic¬ 
itly  taken  into  account  in  the  WONDY  runs  to  determine  release  trajectories. 


Fig.  6.  Velocity  histories  for  Indiana  Limestone 
(18%  porosity) 

The  second  feature  is  the  form  and  .structure  on  tnc  relea.se.  The  overall  release  is  dispersive  (con.si.stent  for  almo.st  all 
materials  .studied).  This  corresponds  to  a  strong  curvature  in  stress  vs.  volume  space.  Steps  at  .stresses  corresponding 
to  about  4.5  GP  and  2.5  GPa  (at  the  aluminum/lithium  fluoride  interface)  appear  consistently.  Wavecode  calculations 
(Furnish,  199()c).show  that  these  are  consistent  with  a  CaCO^  III  — >  I  transition  (and  a  concomitant  multiwave  un¬ 
loading  structure),  and  not  consistent  with  simple  .strength  effecl.s.  Forward-ballistic  experiments  (Furnish,  1 99()c)  and 
theoretical  calculations  by  Kerley  (1990)  suggest  that  a  multiwave  loading  structure  is  not  produced  in  these  samples 
due  to  the  large  initial  porosity. 

Finally,  the  irregularities  in  the  long  plateau  almost  certainly  correspond  to  sample  inhomogeneities.  We  have  not 
observed  such  irregularities  for  homogeneous  samples. 

Hugoniot  values  with  uncertainties  and  relea.se  curves  are  plotted  in  Fig.  7.  Theoretical  curves  are  due  to  Kerley 
(1990)  The  data  strongly  suggest  that  a  hydration  reaction  (CaCO^  -t-  6H2O  ‘  CaC03'6H20  (Ikaite))  occurs  during 
shock  loading  to  greater  than  4  GPa.  Rclea.se  curves  are  very  slightly  hysteretic.  Low'er-stress  te.sts  show  a  two-part 
release  as  required  by  the  wave  profile;  for  these  different  polynomials  were  used  in  the  different  stress  ranges  for  the 
L;'grangian  release  modulus  B. 

Uncertainties  shown  are  typical  for  this  type  of  experiment,  although  they  tend  to  be  slightly  greater  w  here  very  small 
samples  are  used  as  on  a  two  stage  light-gas-gun  (2.5  cm  diameter  and  4  mm  thick). 
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Fig.  7.  Hugoniot  point.s  and  release  trajectories  from  reverse-ballistics  experiments  compared  with 
theoretical  equations-of-state  (Kerley,  1990)  for  Indiana  Limestone  (18%  porosity). 


In  general,  the  geological,  materials  tested  have  been  found  to  give  slightly  hysteretic  releases  (below  the  Hugoniot) 
for  stresses  up  to  40  -  60  GPa,  and  releases  above  the  Hugoniot  for  higher  shock  stresses.  If  thermal  effects  alone  were 
operative  (normal  Mie-Griineisen  behavior),  these  releases  would  consi.stently  lie  above  the  Huitoniot.  Since  the  slope 
of  the  release  is  related  to  the  axial  sound  velocity  at  the  Hugoniot  state  by  (r^=/f'(5(jj:y'5e„l|j  -  ^  steeper  (more 
hysteretic)  release  corresponds  to  a  higher  sound  velocity.  Sound  velocity  data  at  tne  Hugoniot  state  of  a  zeolitized 
tuff  are  shown  in  Fig.  8.  For  low  Hugoniot  stresses  (to  about  50  GPa),  the  ob.served  .sound  velocities  are  higher  than 
those  predicted  for  release  along  the  Hugoniot;  for  high  stresses  they  are  lower. 
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Fig.  8.  Sound  (release)  velocities  observed  for  a  zeolitized  tuff. 


As  a  check  of  the  credibility  of  the  WONDY  method  described  above  for  calculating  relea.ses,  releases  were  calculated 
for  archived  waveforms  from  experiments  with  a  thick  aluminum  flyer  backed  by  vacuum  impacting  an  aluminum 
buffer  backed  by  lithium  fluoride  (Hugoniot  stresses  of  50  and  90  GPa).  The  releases  for  these  cases  were  above  the 
Hugoniot  and  agreed  closely  with  those  calculated  by  more  conventional  Lagrangian  means. 


FORWARD  BALLISTICS  METHOD  USING  VISAR 


Ih-taUs  of  Technique 

There  are  many  situations  where  the  reverse-ballistics  configuration  is  unsuitable.  For  example,  experiments  with 
refrigerated  or  heated  samples,  or  fragile  sample.s,  must  be  done  with  the  sample  in  the  target.  Any  material  tested 
under  conditions  where  a  precursoi  (elastic  or  pha.se-lransition)  exists  at  a  large  fraction  of  the  Hugoniot  stress  will 
not  give  a  simple  centered  release  wave  in  a  reverse-ballistics  experiment;  the  precursor  will  reflect  a  strong  release 
wave  before  the  plastic  loading  wave  has  finished  traversing  the  sample.  If  the  shock  state  of  the  precursor  is  not 
known,  the  Hugoniot  shock  velocity  and  density  cannot  be  calculated  from  the  results  of  the  reverse-ballistic  experi¬ 
ment.  For  these  situations,  a  forward-ballistic  experiment  is  required 

The  information  available  from  such  experiments  varies  with  the  particular  experiment.  Usually  it  includes  a  loading 
history  (including  strain  rate  and  the  shock  states  of  any  precursors),  the  Hugoniot  state,  cither  a  reshock  state  or  a 
partial  release  state  of  the  sample,  and  a  release  or  recompression  trajectory  from  this  state,  in  some  cases  it  is  possi- 


M  l>  I  I  HNIMI 


:'’4 


Kquipinenl 

Contiguration 


Proiei-lile 


J  tr 


u 


Foam  / 
or  void  Impactoi 

(e.g,  aluminum) 


Velocity  and  Ground  Pins 
Buffer  (optional) 

—►To  VISAR 

Window 
(LiF.  Sapphire, 
fused  SiO; 
or  PMMA) 

Aluminum 
Target  Fixture 

Sample 


Wave 

Interactions 


l.oading 


Release 


Fig.  S).  Forward-Ballistics  Conhguration  (Gas  gun  adaptation  shown) 

(a)  Release  or  reshock  from  sainple/buft'er  interface 
(h)  Reshock(s)  from  sample/cup/impactor  interfaces 

hie  to  measure  a  release  directly  from  the  Flugoniot  state. 

C'onsider  the  conhguration  of  Figure  9.  This  is  the  most  practical  geometry  for  use  with  VISAR  since  a  window  must 
he  used  (free  surfaces  of  geological  materials  are  not  adequate  reflectors  after  shock  arrival).  Often  a  buffer  is  desir¬ 
able  or  e.s.sential  for  studies  of  geological  materials.  It  averages  the  effects  of  heterogeneities,  provides  better  sure  iv- 
ability  for  the  reflecting  surface  during  the  experiment  and  protects  the  reflecting  surface  from  chemical  attack 
during  preparation.  Very  low-porosity  materials  (e.g.  granites  and  marbles)  may  be  used  without  buffers.  The  advan¬ 
tage  of  avoiding  the  use  of  a  buffer  is  that  an  explicit  Lagrangian  analysis  method  may  be  used  to  give  relationships 
iretween  stress,  strain,  strain  rate,  particle  velocity  and  wavespeed  through  compression  and  ’"elease  (e.g.  Furnish  and 
Chhabildas,  1992). 

The  best  available  window  materials  for  use  with  geological  materials  are  PMMA,  lithium  fluoride  and  fused  silica 
(although  Z-cut  sapphire  may  be  used  in  its  elastic  regime  below  -12  GPa  for  extremely  high-impedance  samples 
such  as  iron).  If  an  inappropriate  window  is  chosen,  an  excessively  large  reshock  or  a  release  wave  is  sent  back  into 
the  sample  (see  Fig.  9  releases  labeled  (a))  and  the  primary  release  is  contaminated  by  the  affected  volume  of  sample. 
In  this  respect,  in-situ  stress  or  particle  velocity  gauges  hold  advantages  over  VISAR  diagnostics;  sandwiching  the 
gauge  between  disks  of  the  sample  will  give  a  perfect  impedance  match. 

Available  shock  stresses  may  be  increased  by  choosing  higher-impedance  impactors  such  as  tantalum  or  tungsten 
carbide.  However,  if  an  impactor  of  higher  impedance  than  the  sample  or  cup  is  used,  the  release  will  be  abbreviated 
by  the  wave  interaction  leading  to  the  reshock  labeled  (b)  in  Fig.  9. 

Calculation  of  the  Hugoniot  and  partial  release/reshock  stales  proceeds  us  illustrated  in  Fig.  10.  For  this  configura¬ 
tion.  the  Hugoniot  state  in  stress/particle  velocity  space  is  calculated  from  the  shock  arrival  time  at  the  window 
(hence  the  shock  velocity  in  the  material).  Assuming  there  is  no  precursor,  this  state  lies  at  the  junction  between  the 
line  o  =  (p(|(i^)l)p  and  the  aluminum  release  from  (he  AI/AI  impact  state.  This  is  ba.sed  on  the  requirement  that  axial 
stress  and  particle  velocity  must  be  continuous  across  an  interface.  If  there  is  a  precursor,  both  the  shock  velocity  l'^| 
and  particle  velocity  Upi  of  the  precursor  state  mu.st  be  determined.  Up|  may  be  estimated  from  the  observed  inter¬ 
face  velocity  after  passage  of  the  precursor,  using  the  fact  that  the  precursor  state  must  lie  on  the  line 
Oi=  (pi)lJs|)lJpi  and  assuming  that  a  release  of  the  same  slope  magnitude  connects  this  state  to  the  observed  precur¬ 
sor  state  transmitted  into  the  PMMA.  The  Hugoniot  state  then  lies  on  the  intersection  of  the  line  a  =  Oi+lpp(Ts:' 
lJp2)|(l  Ip-Hpi )  w  ith  the  same  aluminum  release  as  before.This  is  depicted  in  Fig.  11.  If  a  buffer  is  u.sed.  care  must  be 
taken  to  calculate  the  sample  shock  velocities  correctly  because  the  buffer  shock  transit  times  are  different  for  the 
precursor  and  hnal  wave.  For  the  experiment  of  Fig.  10.  the  sample  was  immediately  released  to  approximately  half 
of  the  Hugoniot  stress  by  the  release  (a)  (in  Fig.  9).  The  stress/particle-velocity  state  of  this  release  lies  on  the 
PMMA  Hugoniot,  as  shown  in  Fig,  1(1.  The  density  of  this  .state  cannot  be  determined  from  this  experiment  Irecause 
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Fig.  10.  CalLulatiiin  of  Hugoniot  and  partial  released  states  for  forward-ballistics  esperinient.  Sample 
used  is  a  dolomitized  limestone  (po  =  2.7X0  gni/cnv');  aluminum  impactor  and  cup;  FMMA  buffer 
and  window:  lOOX  m/sec  impact  velocity 


a  continuous  stress/particle  velocity  curve  from  the  Hugoniot  point  to  the  partially  released  state  is  not  available  and 
the  necessary  Riemann  integration  cannot  be  pert'nmied: 


'dV, 


J  ¥  -  =  -  / 


r)V  I  _  . 


(Eq.  2) 


In  this  particular  experiment,  a  lithium  fluoride  buffer  and  window  might  have  been  used  in  place  of  the  PMMA.  and 
would  have  been  a  better  impedance  match  for  the  sample.  It  would  have  caused  a  slight  reload  of  the  sample  instead 
of  the  marked  release  for  PMMA.  For  a  lower-density  sample,  however,  the  reload  would  have  been  large  for  a  lith¬ 
ium  fluoride  window  and  release  properties  from  this  reloaded  state  could  not  reliably  have  been  related  to  release 
properties  from  the  Hugoniot  state. 


Fig.  1 1 .  Calculation  of  Shock  States,  Forward-Ballistic.  2- Wave  Case  Nomenclature;  Superscript  S 
refers  to  sample,  subscripts  1  and  2  refer  to  first  and  second  shocked  states:  “*^'piat'  refers  to  plateau 
velocity.  Observables  are  ( 1 )  transit  times  of  two  waves,  and  consequent  wave  speeds  (At)'  and  Ats, 
giving  IJ/i  and  Us'’2)-  (2)  plateau  velocities.  Up|.,,(|)and  Hpiai(2)’  (-^)  projectile  velocity.  Note  that 
11/2  referenced  to  the  compressed  medium;  i.e.  is  Lagrangian. 


E  xamples  of  Data  Acquired  by  the  Forward-Ballistic  Method 

Two  sets  of  waveforms  acquired  by  this  method  are  shown  in  Fig.  12  and  will  serve  as  exhibits.  Both  are  for  rela¬ 
tively  low-porosity  carbonates:  dolomitized  limestones  (porosities  2-y/< )  and  a  nonporous  marble.  The  higher-stress 
tests  (conducted  on  the  dolomitized  limestones)  generally  show  sharp  shocks  and  flat  following  plateaus.  The  less 
dolomitized  samples  (Jeffersonville)  in  general  show  precursors,  while  the  more  dolomitized  samples  (Louisville)  do 
not.  except  at  the  lowest  stresses.  This  is  consistent  with  the  smaller  elastic-plastic  velocity  difference  of  dolomite 
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Fig.  12.  Wave  profiles  for  Jeffersonville  and  Louisville  Limestones  (left)  and  Danby  Marble  (right) 


relative  to  calcite  (e.g.  Grady  et.  al.,  1976)  and  the  effect  of  porosity  in  suppressing  precursors.  The  pure  marble  sam¬ 
ples  show  precursors  and  ramp  loading  waves. 

As  mentioned  earlier,  calculation  of  the  Hugoniot  state  depends  on  an  accurate  measurement  of  time-of-arrival.  We 
are  generally  able  to  establish  the  proper  timing  of  the  trace  to  within  5-10  nsec  using  electronic  fiducials  generated 
by  a  flush  or  rear-surface  pin.  The  dominant  uncertainty  often  arises  from  the  ramp  nature  of  low-stress  waves. 
Uncertainty  in  measuring  the  precursor  plays  a  small  role  in  this  calculation.  Uncertainties  in  the  partial  release  states 
(per  Fig.  10)  arise  from  uncertainties  in  the  plateau  velocity,  the  PMMA  Hugoniot  and  the  sample  Hugoniot  state. 
For  the  pre.sent  .series,  they  are  summarized  in  Fig.  13. 


Up  (km/ sec) 

Fig.  13.  Hugoniot  and  partial  release  states  for  Jeffersonville  and  Louisville  Limestones  and  Danby 
Marble.  Curved  releases  are  from  reverse-ballistic  exfteriments;  straight  are  from  forward-ballistic 
(endpoints  only  are  known). 

CONCLUDING  REMARKS 

There  are  .several  limitations  of  laboratory  techniques  for  characterizing  the  re.sponse  of  rocks  to  dynamic  loading 
and  release.  Any  such  method  is  limited  by  how  well  the  samples  represent  the  true  rock,  which  may  have  larger- 
scale  flaws  and  variability.  Equally  important  is  the  question  of  whether  the  loading  waves  in  a  geological  event  such 
as  a  meteoroid  impact  are  as  sharp  as  the  shocks  produced  in  these  experiments,  and  thus  whether  the  physics  of  the 
two  environments  is  comparable.  Questions  such  as  the  nature  of  phase  transitions  must  be  addressed  in  this  context. 

Within  these  limitations,  several  techniques  have  been  developed  that  have  considerable  utility  in  characterizing  the 
response  of  hand  samples  of  geological  material  and  of  various  underdcnse  materials  to  shock  loading  and  release. 
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ABSTRACT 

Dynamic  fracture  at  hypervekteity  impact  conditions  was  investigated  in  different  materials  using  short  pulsed 
laser  induced  shock  waves.  All  stages  of  damage  evolution  were  identified  for  one  dimensional  or  spherical 
sh(x;k  wave  impact  geometry.  A  new  experimental  method  is  pre.sented  to  estimate  the  shock  pressure  decay  in 
materials.  In  the  theoretical  section  we  obtain  the  damage  induced  in  the  target,  as  follows:  The  shtKk  wave  is 
mcxleled  by  an  expanding  stress  front,  which  creates  micro-damage  in  the  laser  impacted  layer  and  extrudes  a 
bulge  at  the  far  surface.  The  calculated  bulge  geometry  compares  well  with  that  observed  by  us  for  metal- 
adhesive-metal  sandwiches.  The  micro-defects  coale.sce  into  macro-  damage  or  fracture  by  a  mechanism  which 
is  described  by  percolation  theory. 


INTRODUCTION 

ShcK'k  loads  can  be  generated  by  intense  shon  time  energy  deposition.  While  in  most  high  speed  experiments 
the  impact  time  is  in  the  microsecond  range,  la.ser  pulse  times  are  in  the  nanosecond  regime.  Thus,  high 
irradiance  short  pul.sed  la.ser  induced  shtxrk  waves  offer  unique  experimental  meihtxl  to  study  material  behavior 
at  conditions  of  hypervelocity  impact  in  conu’olled  laboratory  experiments. 

Absorbtion  of  laser  radiation  by  a  target  takes  place  within  a  very  thin  layer  near  the  irradiated  surface.  The  rapid 
temperature  increa.se  causes  plasma  ejection  into  the  vacuum.  This  expansion  drives  a  strong  shtKk  wave  into 
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the  material.  The  shock  wave  pressure  is  related  to  the  laser  pulse  intensity  I,  as  -  1  '  When  this 

compression  wave  reaches  the  back  surface  of  the  target  a  tensile  wave  of  increasing  negative  amplitude  is 
reflected  from  the  back  surface  or  the  interface  in  a  multilayer  structure.  When  this  tensile  stress  becomes  larger 
(more  negative)  than  the  tensile  strength  of  the  target,  spall  occurs  (Gilath  et  al,  a,b,c,d,  1988,  Eliezer  et  al. 
1990,  Salzmann  et  al  .,1988,  1989).  Spall  is  defined  as  a  planar  separation  of  material,  parallel  to  the  wave  front, 
as  a  result  of  dynamic  tensile  stress  components  perpendicular  to  this  plane.  The  various  stages  of  material 
failure  were  identified  with  increasing  laser  intensities  from  incipient  spall,  spall  layer  breaking  and  target 
perforation  for  metals,  alloys,  composites,  alumina  and  adhesive  joints  (Gilath  et  al.  1988,  1989,  1990,  1991. 
1992,  Eliezer  et  al.  1990.  Salzmann  et  al.  1988,  1989). 


EXPERIMENTAL 

The  high  power  Nd:glass  system  at  Soreq  N.R.C.  (1.06  pm  wavelength)  is  capable  of  delivering  up  to  1(X)  J 

energy  in  .^-8  nsec  corresponding  to  10^  -  10*'^  Wath'em^.  The  ablation  pressures  obtained  on  the  target  for  the 
above  irradiances  are  in  the  range  of  kbtir-Mbar.  The  laser  spot  was  changed  from  small  diameter  beam  (0.1 
mm)  to  large  spots  (3  mm).  By  using  a  large  spot  compared  to  overall  sample  thickness,  experimental 
conditions  can  be  considered  as  one  dimensional,  for  focused  beam,  spherical  shock  waves  are  obtained.  By 
changing  stepwise  the  laser  intensities,  the  damage  threshold  till  complete  material  failure  can  be  obtained  for  the 
two  shtKk  wave  configurations.  The  spall  was  observed  and  evaluated  by  microscopy  on  sectioned  targets. 

Diagnostics  of  high  pressures  in  the  range  of  kbars-Mbars  on  a  nanosecond  time  scale  is  still  a  challenge, 
therefore  calculations  of  these  effects  arc  achieved  by  large  laser-matter  hydrt'dynamic  ctxies.  These  codes 
require  a  full  understanding  on  many  parameters  and  are  therefore  a  major  effort.  A  new  approach  was  found  to 
estimate  experimentally  the  spall  stress  and  the  pressure  gradient  in  different  materials  using  the  effect  of  laser 
induced  shtxk  waves  to  produce  spall  in  targets  of  diffeient  width  (Eliezer  etjd..  1990). 
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liiipa^  1  I  AlK'i  inioiil^ 

I  hc  ti>iuiolk-a  Mi-invi-.!.'  uKivasc  in  la-.i.'r  clK■ri;K•^  aiUmni  ^l^  id  liiui  ihc  sla;ji.-s  ol  ciamairc  cvdIuiidii  Iroin 
iik  il'iciil  ''I'all  ID  DDnipk-lc  ix-iiDiatum  ol  t'lc  laryci  nuiicrials.  I'hc  inci()icm  vpall  lor  cliiLnIi.-  iiic-ial.s  uas  idcnuliL-ti 
Iruin  ilu-  level  ol  se|>araie  \okK.  while  in  hrillle  nicials  Irom  llie  level  ol'eraeivN.  Those  voids  oi  eraehs  eoalesee 
aiui  [his  results  in  a  v'ortitnuruis  s[)all  laver.  Tor  hielrer  laser  iriiensjiies  ihe  spall  layer  breaks  away  and  lareet 
[lerielrainm  is  observed  lor  speeitie  Ineh  iiiiensities.  A  lew  esaiiiples  illustiale  the  dainaee  evohiiion  on 
riis'ialltirerevil  seeinirieLl  iind  polished  samples.  !ri  ti^.  1  a  ei'oss  seelioir  is  shown  ol  the  irieipienl  s[tall  in  iron  tor 
one  iliiiiensronal  I  1  U)  impael  eonlieiiralion.  The  daiiiaee  extent  is  etpiivalent  to  the  impact  area.  i.e.  three  times 
lire  sample  thickness  (Sal/marin  et  al..T>SSi.  Spall  layer  loniialion  with  extensive  deformation  ol  the  spall  layer 
can  be  seen  in  ducule  maierials  In  fie.  2.  the  maximum  elongation  of  the  spall  layer  before  break  away  can  be 
seen  in  aluminum. 


[■ig.  1.  Incipient  spall  in  iron  at  2.4  KJ/cni2,  (cross  section,  x  140). 


Tig.  2.  Maximum  spall  layer  elongation  in  aluminium  at  .^.211  KJ/ctn2  (cross  section,  x  1 10). 


I  (in  MH  c  /  III. 


■Shock  pressure  decay  in  ditfcrcnl  tiiaCcrials. 

At  iiK'ipioni  sptill  for  diffcTc’iit  target  widths,  similar  shock  parameters  prevail  at  the  rear  side  of  the  target 
(Idiezer  et  aj.,  1  WO).  In  thicker  ttirgets,  higher  energies  (pressures)  have  to  be  applied  on  the  front  surface  of  the 
target,  to  make  up  for  the  energy  and  peak-pressure  decay  (ablation  pressure)  while  the  shock  wave  travels 
throvigh  the  target.  This  pressure  decay  in  the  target.  dlVdx.  leads  to  a  dependence  of  the  threshold  ablation 
pressure  on  the  ttirget  w  idth,  while  the  fracture  stress  is  cmistant  for  the  same  material. 

The  petik  v;ilue  of  the  hiser  shock  pressure  (ablation  pressure)  Pa.  depends  on  the  hivcr  intensity  Ij  .  in  a  I  D 
c.ise,  in  the  fonu  (llarrach  et  til..  IdSl,  I'hompson  cliil-.  idS4); 


P.,(Mbar)  =  a 


l()"\V7cm’ 


where  a=S  ;uid  0,7  <  n  <  0..S.  If  the  laser  spot  is  small  compared  to  the  target  width,  a  correction  for  2-D  effects 
should  be  used  (llarrach  et  al..  l')Sl  i  I  his  correction  in  the  limit  of  very  small  spots  t<0. 1  mm)  reduces  the 
iihlation  pressure  by  a  constant  factttr  of  I  .S.  without  changing  its  1-1)  intensity-dependence  (Thompson  et  al. 
ldS4)  linetir  dependence  was  ohtaitied  for  the  pressure  as  a  function  of  target  thickness  tor  aluminum, 
copper.  ;ind  carbon  fiber  epoxy  unidirectional  composites  for  11)  impact  geitmetry:  (see  Figure  7).  The 
experimentally  determined  spall  |iressure  and  pressure  gradients  are  sumtiiari/ed  in  Table  1. 


Table  1 .  The  spall  pressure  and  pressure  gradient 
in  different  m.iterials. 


Materitil  Pspall 

Pgradient 

(kb) 

(kb/mm) 

('opivr  20 

1X0 

Aluminum  2.‘i 

60 

('i'Vepoxy  (perp. to  fiber)  1  ()..') 

\5 

(T7epoxy  (pttrallel  to  Fiber)  II  7 

KM) 

Table  2.  Threshidd  laser  energy  for  spall  (F,j  ). 
laser  intensity  (1|^)  and  the  ablation 
pressure  (P^)  for  different  target  width  (d). 


d 

(mm) 

f'-L 

(J) 

Tl 

(K)’-’  W/cnr) 

Pa 

(Mbar) 

o.s 

11+2 

0.47+0.1 

2.4+().4 

0.6 

l-‘’±2 

0.64+0. 1 

-T  1+0.4 

1.0 

491.“) 

2. 1+0.2 

6.9+().7 

1..7 

10.‘)+7 

4.,S+0..^ 

11.7+().f 

The  spall  stress  values  for  aluminum  and  copper  obtained  by  this  method  are  in  good  accordance  with  the 
values  obtained  by  sitmilation  (Fliezer  etjil.,  IWO) 

The  case  for  a  2-1)  hemispherical  shtK’k  wave,  is  somewhat  differcnt.  The  pressure  decay  while  the  sluK'k  wave 
travels  through  the  foil  is  much  steeper.  A  linear  relationship  between  the  laser  energy  and  the  cubic  target 
width  was  obtained  for  aluminum,  'The  experimental  data  for  Fig.  8  can  be  fitted  by: 

F.i  =P„dnF.o  (2) 

where  P^^  =  4.S.,7  J/mrn^  and  Ft^^  =  4.9,  and  d  is  in  mm. 

.Since  in  the  limit  of  a  very  small  sptit  the  ablation  pmssure  depemlence  on  the  laser  intensity  is  the  same  as  in 
the  ID  case,  then 

P-C'  l-r  d"' 

The  graphical  representation  of  this  result  foi  aluminum  (based  on  the  numerical  values  olTable  2)  yielded. 

P  iMban  -  b.4b  d^  *  +  0  .Sd,  where  the  distance  d  is  in  mm. 


threshold  iKharl 


1  .iM'i  iin|\ivi  ic>iin^ 


Fig.  7.  Plasma  threshold  ablation  pressure  for  spall 
as  a  function  of  target  thickness 
(one-dimensional  shcK'k  waves). 


Fig.  8.  Laser  energy  as  a  function  of  cubic  distance  for 
threshold  spall  conditions  for  aluminum 
(hemispherical  shtxtk  waves) 


THEORY  OF  LASER-DAMAGE  MORPHOLOGY 


Preliminaries 

The  theoretical  analysis  is  concerned  with  the  different  types  of  damage  present  in  the  laser-  irradiated  target  and 
made  visible  in  micro-photographs.  The  mechanical  damage  is  due  to  laser  generated  shtK'k,  which  results  in 
cracking  of  brittle  compounds,  or  the  creation  of  voids  in  ductile  in  materials  and  in  the  appearance  of  a  spall 
surface  near  the  rear  of  a  Finite  target.  The  types  of  damage  can  be  classified  according  to  their  density  and 
connectivity  as  (a)  fragmented,  (b)  connected  and  (c)  sparse.  Percolation  theoretical  concepts  and  numerical 
simulations  can  be  used  to  identify  the  various  legions  and  to  assess  the  energy  requirements  for  the  formation 
of  each  zone,  namely  how  much  of  the  energy  input  present  in  the  beam  is  expended  on  ;!ic  creation  of  the 
damage.  The  sizes  of  the  various  zones  are  clearly  linked  to  the  variation  of  the  laser  power.  The  theoretical 
prediction  is  found  to  agree  with  size-determinations  obtained  from  experiments. 

This  theoretical  effort  fonns  a  link  between  damage  created  at  the  micro-damage  level  under  conditions  of  ultra- 
high  loading  rates  and  the  macroscopic  showings  of  the  damage,  eventually  reaching  a  local  material-failure 
stage  (as  in  spall).  The  stochasticity  of  the  micro-damage  population  leads  perforce  to  a  statistical  approach, 
which  is  provided  in  our  work  by  the  use  of  percolation  theory.  The  damage  development  has  three 
interconnected  stages:  The  propagation  of  stress-waves  into  the  target,  the  creation  of  mieuxiamage  centers,  and 
the  development  of  these  into  complete  material  failure  (frequently,  the  fragmented  stage). 


Here  the  treatment  is  based  on  a  mtxlel  for  a  stress  wave  in  the  target  that  is  valid  after  an  initial  stage  of  laser 
impact.  TTie  model  leads  to  an  analytical  description  of  the  pressure-wave  intensity  and,  in  the  next  subsection, 
of  the  damage  fomied  in  the  medium.  F'or  simplicity  a  point-like  impact  (rather  than  a  planar  one)  was  assumed 
and  the  propagating  stress-wave  has  a  semi-spherical  shape.  More  precisely,  this  shape  becomes  distorted 
because  of  boundaries  at  the  front  and  rear  faces  of  the  target. 


S4 


I  (ill  \  I II  (7  ill 


riic  stress-wave  propauatiiig  in  tlie  iiiediuni  (wiiliout  boundary  ct(ecl.s)  is  shown  in  big.  9.  The  peneirati(»i 
disttinee  '/.  (i)  ol  the  stress- wave  precursor  as  time  t  (where  t  =  0  signities  the  start  of  the  pressure  wave)  is 


shown  in  tlie  figure  and  satisfies  for  tj  <  t-)  <  t^^  <  ... 


Thouglt  the  medium  may  be  compressible  it  is  simpler  to  stan  with  an  incompressible  target,  for  which  one  can 
immedititely  write  the  equation  of  mass  conservation  and  derive  from  it  the  following  expression  for  the  material 
velcK'ity  field  (namely,  the  material  velocity  at  time  t  and  position  r) 

Vj,^(r.t)  =  Z(t-r/v^)  z2(t-i7vj,)/r=^ 

where  Z(=Zp)  and  Z(rZp)  are  the  positions  and  veltK’ittes  of  the  stress-wave  front  penetrating  into  the  target, 
v^  is  the  sound  velcKity.  We  shall  later  see  that  the  strain  rate  c  plays  a  dominant  role  in  the  creation  of  damage. 
It  can  be  given  using  (4)  and  the  relation 


ftr.t)  =  V|j,tr.t)/r  (.“i) 

I'or  ;i  compressible  material  the  previous  relations,  (4)  ■  (.“i).  become  modified  and  t  ttikes  the  form  (Johnson. 
1972.  Perrett  and  Brass,  1974). 


e(r,t)  =  Vu^(r.t)/r 


(compressible) 


(6) 


in  which  the  exponent  ^  satisfies 


()<C  =  2-  n<  I 


(7) 


It  is  known  that  in  certain  matenals 


C~().2.  n~  1.8 


(8) 


T  he  presence  of  boundaries  mtxlifies  (4).  T  he  change  can  Ire  easily  made  for  planar  boundaries  and  by  use  of 
the  method  of  images.  Here  image  sources  of  stress  are  placed  at  distances  Z*  such  that  the  total  stress  field 
(consisting  of  the  true  and  image  stresses)  takes  at  the  boundaries  the  values  mquired  by  the  boundary  condition 
(e  g.,  zero  normal  stress  on  a  free  surface,  zero  tangential  stress  on  a  perfectly  rigid  one).  In  l  ig.  10  we  illustrate 
the  method  of  images  for  a  fittt  slab  of  thickness  d.  By  the  use  of  this  metlKxf  one  gets  the  follow  ing  expression 
for  the  m;iteri;i)  velocity  (with  neglect  of  additional  sources,  whose  importance  is  marginal): 


V„,(r.t)  = 


Z(T)(r-z)  7. '‘(T*)(r*-z.*) 


(9) 


T  he  htilite  in  the  mar  face 

With  the  tipproach  of  the  stress  wave  to  the  far  face  of  the  slab,  a  bulge  is  formed  that  grows  w  ith  time.  This  is 
.shown  schemtitically  in  l  ig.  1 1. 


l  aser  iinpaei  icsiiiie 


Image  field 


Fig.  10.  Definition  of  symbols  in  the  meth(xi  of  images.  The  symbols  with  asterisks  relate 
to  the  image  source 
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Fig.  11.  Schematic  description  of  bulge  development  at  far  face  of  adhesive. 


The  bulge  will  continue  to  grow  until  there  is  either  a  perforation  of  the  slab,  or  the  stress  wave  expansion  stops 
becau.se  the  available  pulse  energy  is  exhausted.  The  following  illustration  (Fig.  12)  shows  the  bulge  dimension 
r|j  as  function  of  Sr^.,  the  distance  of  approach  of  the  stress-wave  front  to  the  rear-face,  obtained  from 

observations  by  one  of  us  (I.  Gilath)  on  epoxy  sandwiched  between  A1  layers.  For  energies  exceeding  .^0  J,  Sr^ 
is  "negative",  meaning  that  the  stress  wave  transpasses  the  original  rear  plane  boundary.  In  this  situation  our 
theory  requires  extension.  For  positive  values  of  Sr,,  the  experimental  data,  shown  in  Fig.  12  by  cros.ses,  are 

quite  close  to  the  values  (represented  by  dots)  that  were  obtained  from  our  theory  of  stress  wave  expansion 
with  some  simplifying  approximation. 


In  Fig.  1.^,  one  sees  the  bulge  at  subsequent  times  as  obtained  by  calculating  the  predictions  of  the  model.  The 
computed  bulge  differs  somewhat  from  those  seen  in  laser-pulse  experiments:  The  computed  contours  are 
excessively  peaked  near  the  center  and  extend  so  far  in  the  wings.  The  source  of  the  discrepancy  is  probably 
that  the  ela.sticity  of  the  metallic  layer  (that  borders  on  the  adhesive  layer)  has  not  been  properly  included  in  the 
model. 


I-ig.  1 2.  Bulge  height  rj^  against  distance  of  approach  6r^  of  the  stress  front  to  the  rear  slab  surface. 

Computed  values  (dots)  are  compared  with  experimental  data-points  (crosses),  taken  from 
adhesive  bulges  in  laser  impact  with  different  energies  on  metal-adhesive-metal  sandwiches. 


i.  Gii  AlH  t'l  al. 


/  \ 


Fig,  1 3.  Bulge  shapes  at  subsequent  instances.  The  bulge  contours  correspond  to  the  advancing 
pressure  fronts  drawn  with  the  same  lines. 


Dynamics  of  defect-formation 

The  rate  of  energy  deposition  in  the  region  of  the  expanding  stress-wave  is  given  by 

do 

=  P, .  2JtZ‘V„  (10) 

where  is  the  radial  stress  on  the  expanding  .sphere.  is  the  material  vekxrity  and  Z  the  radius  of  the  sphere. 

Assuming  that  (before  defect  formation)  all  the  energy  is  expended  on  the  motion  of  the  panicles  of  the  slab 
(this  includes  strain  waves,  elastic  or  otherwise,  and  even  thermal  motion  of  the  atoms)  we  obtain  for  the  energy 
investment  up  to  time  t: 


=  Y  jpT  V^(r.t)d\ 


where  pj  is  the  target  mass-density  and  the  integration  is  over  the  target  volume  (Yatom  and  Ruppin,  1989). 
Clearly,  the  integrand 

YPTVi(r.t) 

is  the  energy  density.  If  we  consider  a  small  portion  in  the  target  (say  of  linear  dimension  a  that  is  much 
smaller  than  the  target  size),  we  observe  that  the  velocity  Yjj^(r,t)  contains  both  the  center  of  mass  velocity  of  the 

small  volume  (of  the  order  a'^)  and  the  relative  velocities  in  this  volume.  The  latter  is  r  E(r,t)  (E  being  the  local 
strain  rate)  and  it  is  this  part  (rather  than  the  full  velocity  V^^)  that  causes  fracture.  Suppose  now  that  defects  of 
size  a  are  created.  Then  the  deformation  energy  that  goes  into  defect  formation  is 

1/2  pj  a^  eV,!)  (12) 

On  condition  that  the  strain  exceeds  threshold  for  permanent  defect  formation.  (The  threshold  differs  for 
compression,  tension  or  shear.)  Let  us  now  suppose  spherically  shaped  defects  of  size  a  and  number  density 
n^,  where  both  quantities  depend  on  position  r  and  time  t.  Following  the  approach  of  Grady  (1978)  and  Glenn 

and  Chudnovsky  (1986)  we  can  write  the  energy  density  input  in  the  creation  of  defects  as: 

2k/5  ng(r,t)pj  e^  (r.tfa-’frt)  ( 1 3) 

We  can  equate  this  to  the  energy  density  of  formation  of  free  surfaces,  namely: 

271  yn  a^ 


(14) 


Laser  mipaei  lesiini: 


2K 


where  y  the  energy  for  creating  a  unit  surface.  Further  using  (4)  and  (S)  we  obtain  the  characteristic  size  a  of 
the  defects  as: 


a(r,t)  =  (Sy/Pj  =  (5y/p-j-) |Zp(t)Zp2(t)|''^-^  r2(n+l)/3 

This  leads  to  the  following  functional  relation  for  an  incompresible  target.  n=2: 

a(r,t)«  r“ 

The  number  density  of  defects  is  obtained  from  equating  (13)  or  (14)  to  (12) 


,  ,  .W  5 

n^tr.t)  =  - - r  =  X" 

4;t  4jt 


Pt 


5/3 


.  .0/3  ^3  ^ 


(15) 


(16) 


(17) 

IZp(t)z;(t)]'"'\-^^-’-'"'^" 


Sn'uctured  damage  in  brittle  materials 

We  now  describe  the  defect  morphology  with  a  percolation  model  on  a  three  dimensional  lattice.  (The  model 
does  not  impute  a  lattice  structure  to  the  target  material,  only  enables  the  defect  statistics  to  be  made  in  a  discrete, 
countable  manner.  Later  we  go  over  to  a  continuous  limit  or  potential  defect  sites).  Supposing  a  brittle  solid  in 

which  circularly  shaped  cracks  can  be  prescribed  on  the  faces  of  a  cell  (of  size  2a  x  2a)  in  a  simple  cubic  lattice, 

■1  ^ 

let  us  denote  by  G  the  number  of  cells  (of  size  8a' )  in  the  target.  Then  the  number  of  faces  (of  area  4a  )  is  (6/ 
2)G  =  3G.  The  number  of  actual  (rather  than  potential)  cracks  is  Sn^^a^G  (supposing  that  each  crack  is  placed  on 
a  single  face.  The  occupation  probability  is  the  ratio  of  actual  to  potential  crack  numbers,  or 

8njja'^/3  (18) 

which  represents  the  occupation  probability  (conventionally  denoted  by  p)  on  a  discrete  lattice.  In  a  continuum 
we  have  to  take  into  account  the  "Leben.sraum"or  excluded  volume  of  one  planar  crack  (or  plaquette)  with 

respect  to  another,  given  by  8a'\  and  we  obtain  the  following  probability  for  the  crack  occupation: 


_5_ 

4jt 


Pt 

5y 


which  gives  for  an  incompressible  solid:  n  (r.t )« 


=l-e-^'’'  (19) 

for  an  incompressible  lattice,  where  C  is  a  constant.  Interpreting  the  above  results,  we  note  that  for  low  values  of 
r  the  cracks  will  mainly  be  isolated,  for  somewhat  higher  values  but  still  lower  than  about  ’./3  ~  p(^j  (the  3D 

percolation  probability)  the  crack  system  will  be  complex  but  non-pervasive  (over  the  whole  target),  for  values 
of  p  between  p^-j  and  p^--,  (~  2/3)  chains  of  plaquette-complexes  will  span  the  whole  material  space  but  will  not 

yet  fragment  it.  Fragmentation  will  occur  for  p  >  Pq2  (Aharony  et  al.,  1986)  In  this  region  the  characteristic 

fragment  sizes  (or  coherence  distances)  ^  will  depend  on  the  occupation  number  through 

^  ~  (p  -  PC2)''''  (20) 


where  the  critical  index  V2  ~  0.88.  The  quantities  a,  p.  all  depend  on  distance  r,  and  time  t,  as  shown  earlier  in 

the  development.  The  fragment  sizes  are  di.stributcd  in  a  manner  described  in  percolation  theory.  For  finitely 
sized  targets  one  needs  to  apply  finite  size  scaling  (Stauffer,  1985).  For  a  non-uniform,  space  varying  stress 
distribution  the  fragment-size  distribution  is  affected  by  the  finiteness  of  the  region  where  p  ~  p^^T 

calculated  ;is  described  by  Murat  et  al..  (1980). 


Duciile  Failure 


llere  one  needs  to  itiodify  details  of  the  percolation  approach.  The  discontinuities  formed  by  the  stress  are 
mainly  voids.  Let  their  characteristic  radii  be  denoted  by  a.  The  space  and  time  variations  of  a  and  of  n^  ;ire  as 

before.  The  (X'Cupation  probability  p  is  calculated  as  follows:  Suppose  that  voids  arise  at  lattice  points  of  an 
FCC  lattice.  Then  in  G  cells  (each  of  volume  16  V2  a"^)  there  can  be  4G  voids.  In  actuality  the  number  of  voids 
on  the  lattice  is  16  V2  n.^a'^G  and  the  site  (Kcupation  probability4v/2  n.^a'^  =  5.66a‘^n.j  In  a  continuum,  where 
there  is  overlap  of  voids,  the  (K'cupation  probability  is 


If  we  start  with  a  BCC  lattice 


p  =  I  —  e 


-5.66  a  n. 


p  =  1  -e 


(21) 


Obviously  the  difference  is  small.  The  critical  void  tKCupation  probabilities  are  for  a  pervasive  void-chain 
PCi  0.-’  1 1,  :ind  for  a  void-complex  that  is  dense  enough  to  fragment  the  target  p^^  =1  -  P(^|  =  0.689. 


Substituting  this  value  in  the  left-hand  side  of  (21)  yields  the  critical  value  of  the  void  density  n.^  [as  in  Eq.  (17)] 
;ind  the  times  and  positions  in  the  material  where  fragmentation  will  (xtcur. 


CONCLUSIONS 

It  can  be  concluded  that  short  pulsed  laser  induced  shock  waves  is  a  very  suitable  method  to  study  material 
response  at  hypervelocity  impact  conditions.  All  stages  of  material  failure  were  identified  from  incipient  spall 
through  complete  ttirget  penetration. 

One  dimensional  and  hemispherical  pulsed  laser-induced  shock-wave  experiments  confirmed  the  expected  spall 
fomiation  and  the  theoretical  decay  of  the  ablation  pressure  in  different  materials. 

The  modeling  of  events  that  take  place  upon  laser  impact  in  the  ablated  region  of  the  material  requires  a 
knowledge  of  many  details,  including  equations  of  state  under  widely  ranging  pressure  conditions.  Here  we 
have  shown  that  beyond  that  region,  the  pressure  pulse  wave  can  be  calculated  in  a  simple  way  and  the  bulge 
development  estimated  in  a  way  that  is  supported  by  experiment.  The  extent  of  micro-damage  can  be  estimated 
as  function  of  position  in  the  target  and  of  time.  A  theory  of  percolation  can  describe  the  development  of  the 
micro  defect  population  into  large  scale  macroscopic  damage,  perforation  of  the  impacted  target  and  (eventually) 
fragment  formation. 
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ABSTRACT 

It  is  pointed  out  that  the  large  strains  produced  by  hypervelocity  impacts  can  be  expected  to 
produce  dramatic  changes  in  the  chemical  bonding  (electronic  structures)  of  materials.  This 
will  change  the  mechanical  behavior  towards  increased  ductility  when  a  semi-conductor  is 
compressed  until  it  becomes  metallic:  and  towards  increased  brittleness  when  a  transition  metal 
is  expanded  so  as  to  localize  its  d-band  electrons.  Both  isotropic  compression  (expan¬ 
sion)  and  shear  strains  can  cause  these  transformations.  Critical  deformation  criteria  are  given 
based  on  the  observed  cubic  to  tetragonal  transformations  in  compressed  semiconductors. 


INTRODUCTION 


Ideal  impact  deformations  begin  with  uniaxial  compression.  As  shown  in  Figure  1 ,  this  consists 
of  a  combination  of  a  volume  change  (isotropic  compres-sion)  and  a  shearing  distortion.  In 
plastic  materials,  if  the  yield  stress  is  exceeded,  the  stresses  causing  the  shear  distortion  will 
tend  to  relax.  This  requires  a  finite  amount  of  time  which  depends  inversely  on  the  difference 
between  the  local  applied  stress  and  the  yield  stress.  The  relaxation  time  is  finite  because  the 
process  requires  dislocations  which  have  finite  inertial  masses  to  be  generated,  multiplied,  and 
moved. 


Figure  1  -  Uniaxial  shock  compression  induces  both  dilatation  and  shear  in  an  impacted  target. 
Left  -  target  before  impact.  Middle  -  target  compressed  uniaxially  (deformation 
consists  of  a  combination  of  volume  reduction  and  shear).  Right  -  Shear  strains 
relaxed,  only  volume  change  remains. 

As  a  result  of  the  interaction  of  impact-generated  compression  waves  with  free  surfaces  and/or 
other  interfaces,  large  amplitude  rarefactions  may  develop.  These  will  put  the  material  into  a 
state  of  uniaxial  expansion.  The  deformation  consists  of  a  combination  of  isotropic  expansion 
ail  J  shear,  but  with  the  signs  reversed.  In  strong  impacts  the  strains  in  the  compressions  and 
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expansions  are  large,  so  shock  fronts  develop  in  the  compressive  case  and  instabilities  (spalls) 
develop  in  the  expansion  case. 

The  local  strains  may  far  exceed  the  usual  elastic  range.  This  is  illustrated  by  the  schematic 
shock  front  of  Fig.  2  where  the  deformation  starts  at  zero  on  one  side  of  the  front  passes 
through  an  indefinitely  large  maximum  at  the  front  and  then  becomes  Al/I  =  1/2  on  the  other 
side.  Such  large  strains  can  be  expected  (in  some  cases)  not  only  to  distort  the  pattern  of 
atoms  in  a  material,  but  also  to  cause  enough  distortion  of  the  pattern  of  electrons  (bonds)  to 
induce  electronic  phase  transitions.  These  transitions  will  in  turn  cause  changes  of  the 
mechanical  behavior.  Note  that  even  when  the  shear  strains  relax  quickly  behind  the  front  they 
are  very  large  within  it. 


Figure  2  -  Sharp  shock  front  moving  from  left  to  right.  The  structural  pattern  is  the  same  before 
and  after,  but  at  the  front  there  are  large  shear  distortions  and  a  high  concentration 
of  broken  "bonds"  (that  is,  of  interface  dislocations). 


STRAIN-INDUCED  TRANSFORMATIONS 

It  will  be  shown  that  both  compressions  and  shears  can  induce  transforma-tions.  Both  crystal 
structures  and  transport  types  (semiconduction  to  metallic  conduction  and  inversely)  may 
change.  Specific  (albeit  approximate)  criteria  for  these  transitions  will  be  given,  and  compared 
with  the  available  experimental  data. 

After  an  electronic  transformation  has  occurred  the  material  may  become  more  ductile  in  the 
compression  case;  or  more  brittle  in  the  tension  case.  Thus  these  transformation  are  relevant 
to  hypervelocity  impact  phenomena  because  they  can  dramatically  change  the  flow  and 
fracture  behavior.  As  an  example,  silicon  which  is  normally  as  brittle  as  window  glass  becomes 
as  ductile  as  a  soft  metal  like  lead.  On  the  other  hand  a  very  ductile  metal  like  copper  when 
subjected  to  a  strong  rarefaction  may  exhibit  cleavage-like  fracture. 

In  the  compression  case  (metallization),  the  change  in  mechanical  proper-ties  results  from 
delocalization  of  the  valence  electrons.  This  enhances  dislocation  motion  in  the  material  by 
allowing  the  dislocation  cores  to  spread  out  along  the  glide-planes.  Prior  to  the  transformation 
the  atoms  of  the  material  are  connected  by  very  localized  covalent  bonds  which  localize  and 
immobilize  the  dislocation  cores. 

In  the  expansion  case,  the  s-band  electrons  of  a  metal  are  not  expected  to  be  affected  much, 
but  the  electrons  in  the  d-bands  may  become  more  localized.  This  may  inhibit  the  motions  of 
dislocations  which  may  make  the  material  more  brittle. 

Both  of  these  effects  mean  that  the  properties  of  the  material  in  the  highly  strained  state  may 
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be  substantially  different  from  those  in  the  unstrained  state.  Furthermore,  they  may  not  be 
directly  deduciblefrom  a  knowledge  of  the  initial  state  of  the  material.  In  some  cases  they  must 
play  a  significant  role  in  the  behavior  of  materials  that  are  subjected  to  hypervelocity  impacts. 

All  materials  become  metallic  at  sufficiently  large  compressions.  However,  the  transformation 
strains  are  smaller  for  semiconductors  than  for  large  band-gap  insulators;  so  this  discussion 
will  be  limited  to  the  former. 


COVALENTLY  BONDED  MATERIALS 

The  most  straightforward  case  is  that  of  covalent  bonding.  This  type  yields  open  crystal 
structures  (the  diamond  structure  is  the  prototype),  and  to  chemical  bonds  with  distinct  lengths 
and  bond  angles.  Changing  the  lengths  or  the  angles  causes  increases  in  the  energies  of  the 
bonding  orbitals,  and  decreases  in  the  energies  of  the  anti-bonding  orbitals.  In  the  language 
of  solid-state  physics,  the  valence  band-edge  increases  in  energy,  while  the  conduction  band- 
edge  decreases.  Thus  the  energy  gap  decreases  (for  large  strains;  in  some  cases  it  increases 
for  small  strains).  When  it  vanishes,  the  electrons  at  the  top  of  the  valence  band  become 
delocalized,  and  the  material  is  said  to  have  metallized. 

In  general  both  dilating  and  shearing  are  asymmetric.  Lengthening  a  bond  is  clearly  not  the 
same  as  shortening  one.  Shearing  may  be  symmetric,  but  often  it  is  not.  For  example, 
increasing  a  right  angle  making  it  obtuse  is  not  the  same  as  making  it  acute  by  decreasing  it. 
On  the  other  hand  increasing,  or  decreasing,  a  180°  angle  is  s''mmetric.  Thus,  depending  on 
the  sense  of  a  particular  deformation,  the  electrons  may  becon.e  either  more,  or  less,  localized. 

It  is  well-known  that  insulators  become  metallic  if  they  are  compressed  a  critical  amount 
(Cottrell,  1988).  Volumetric  compression  criteria  for  this  transition  have  been  proposed  by 
various  authors,  starting  with  Herzfeld  (1927);  and  later  by  Mott  (1949);  and  further  developed 
by  Edwards  and  Sienko  (1983).  The  proposed  criteria  which  are  well-corroborated  by 
experiments  are  based  on  changes  in  the  overlapping  of  atomic  wave-functions  as  compression 
occurs.  That  is,  on  changes  in  bond-lengths.  However,  in  the  case  of  semiconductors,  there 
is  substantial  experimental  evidence  that  bond-angle  changes  are  more  important  than  length 
changes.  In  open  structures,  either  bond-length  or  angle  changes  can  cause  the  overall 
volume  changes  that  have  been  reported  as  experimental  results. 

One  pertinent  fact  is  that  uniaxial  comore-'slon  (a  combination  of  dilatation  and  shear  strains) 
induces  the  transition  to  the  metallic  state  it  much  lower  stresses  than  those  required  for  triaxial 
compression.  This  has  been  noted  in  passing  by  various  authors,  but  largely  ignored.  In  the 
case  of  silicon  the  difference  can  be  40%  or  more,  so  the  effect  is  not  small  (Gupta  and  Ruoff, 
1980).  Further  evidence  is  provided  by  the  crystallographic  data  to  be  presented  here. 


COVALENT  ELEMENTS 

A  prototype  transformation  for  semiconductors  is  the  conversion  of  the  diamond-framework, 
tetrahedrally-bonded  crystals  (Group  IV.  Ill-V,  and  ll-VI  s'  bstances).  For  eight  '  i  known 
cases  this  converts  the  cubic  diamond-framework  into  the  tetragonal  j8-tin  framew.^..;  (Fig.  3). 
In  the  latter  structure,  the  crystals  are  metallic  (for  tin  itself  the  resistivity  is  not  isotropic,  being 
different  parallel  and  perpendicular  to  the  tetragonal  axis). 

The  crystallographic  data  (Table  I)  show  that  the  observed  shear  deformations  of  the  bonds, 
A6/0  are  numerically  much  larger  than  the  bond  compressions  -Al/I.  Thus,  the  bond-angle 
changes  are  much  larger  than  the  bond-length  changes.  The  angle  changes  reduce  the 
symmetry  from  cubic  to  tetragonal.  These  crystallographic  facts  indicate  that  although  these 
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Figure  3  -  Schematic  relationships  between  the  diamond  and  j8-tin  frameworks.  For  Sn:  = 
109.5°;  0.|  =  149.5°;  $2  =  94°.  Note  that  the  "boat-ring",  ABCDEF  which  has  equal 
sides  and  equal  angles  in  the  diamond  framework  becomes  the  ring  A’B’C’D’E'F’ 
which  has  equal  sides  but  two  sets  of  three  angles  in  the  /3-tin  structure.  Also  note 
that  the  next-nearest-neighbor  distance,  c,  in  the /3-tin  structure  is  3.18  A,  compared 
with  3.01  A  for  the  nearest-neighbor  bond  length. 

transitions  are  commonly  said  to  be  "pressure-induced";  in  reality  the  whole  deformation  tensor 
governs  them,  not  just  the  isotropic  compression  scalar.  Thus  they  are  "deformation-induced"; 
or  perhaps  shear  alone  induces  them. 

Several  of  the  other  lll-V  compounds  transform  to  the  rock-salt,  instead  of  the  /3-tin,  structure. 
This  can  also  happen  through  shearing,  but  will  not  be  discussed  here  because  it  is  not  as 
straightforward  as  the  /3-tin  case. 

As  Musgrave  and  Pople  (1962)  have  pointed  out,  the  /3-tin  framework  can  be  reached  by 
compressing  the  diamond  framework  along  its  cube  edge  while  allowing  it  to  expand  laterally 
(Fig.  3).  The  elementary  deformation  consists  of  compressing  a  tetrahedral  bonding  unit  along 
an  axis  that  passes  through  its  center  and  bisects  the  opposite  edges;  plus  the  topological 
constraint  that  "bond  rings"  such  as  ABCDEF  which  becomes  A’B’C'D’E’F’are  conserved;  i.e., 
they  remain  closed.  In  order  for  them  to  close  while  the  nearest  neighbor  bond  lengths  ’•emain 
equal,  the  ring  symmetry  must  change  from  three-fold  to  two-fold.  This  occurs  more  readily 
than  symmetry  preserving  triaxial  compression  because  the  bending  force  constants  are 
substantially  smaller  than  the  stretching  constants. 

For  tin  itself,  the  fractional  changes  in  the  crystallographic  parameters  are  given  at  the  top  of 
Table  I.  Since  the  contraction  of  the  c-axis  is  nearly  twice  the  expansion  of  the  a-axes,  the 
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Table  I 

Per  Cent  Changes  During  the  Transformation  of  the  Diamond 
to  the  B-Tin  Framework  ITIeinents  and  111-V  Compoundsl 


Lattice  Parameter  (A) 
-tetragonal  cells- 

Bond 

Length(A) 

Bond 

Angles 

Cell 

Volume 

a 

c 

d 

6(deg . ) 

V 

Sn 

+  27.4 

-50.9 

+  7.9 

+37;  -14 

-20.3 

Ge 

+22,3 

-52.4 

+  3.2 

+35;  -14 

-28.8 

Si 

+22.0 

-52.4 

+3.4 

+36;  -14 

-29.1 

C 

(+22) 

(-51.9) 

(+3.2) 

(+36;-14) 

(-28.6) 

InSb 

+20.9 

-51 

+  6.8 

+37;  -14 

-22 

GaSb 

+24.1 

-51.8 

+4.9 

+36;  -14 

-25.8 

AlSb 

+24.1 

-52.8 

+4.5 

+37;  -14 

-27.6 

InAs 

+22.0 

-57.0 

+2.7 

+39;  -15 

-36 

GaP 

+22.5 

-54.7 

+3.4 

+38;  -14 

-32.1 

Table  data  references: 

Sn,  Ge,  Si  -  Landol t-Bornstein  Tables 

C  -  Estimate  of  uniaxial  transformation  strain  from  0.  Nielson, 

Phys.  Rev.,  MB.  5808  (1986). 

InSb  -  R.E.Hanneman,  M.D.Banus  and  H.C. Gatos,  J . Phys . Chen. Sol  ids , 

25,  293  (1964). 

InAs  -  J.C. Jamieson,  Science,  139.  762,  845  (1963). 

AlSb  -  M.A.Baublitz  and  A.L.Ruoff,  J . Appl . Phys . .  53,  6179  (1982). 

GaSb  ■  C.Yu,  I. L. Spain  and  E.F. Skelton.  Sol .St .Comm. ,  25.  49  (1978). 

GaP  ■  A.  L.  Ruoff  and  M.  A.  Baublitz.  Phys. Sol  ids  High  Pressure.  Ed. 
by  Schilling  and  Shelton.  North-Hol 1  and  Publ.Co.,  p.81  (1981). 

volume  change  is  modest.  A  point  that  is  particularly  noteworthy  is  that  the  fractional  bond- 
angle  changes  are  much  larger  (5-1  OX)  than  the  bond-length  changes.  Furthermore,  the  table 
indicates  that  the  critical  bond-angle  change  (and  therefore  the  critical  bond-angle)  is  essentially 
invariant  for  all  eight  of  the  known  cases.  Also,  the  bond  length  changes  are  small  in  all  cases. 
Thus  the  crystallography  as  well  as  the  mechanics  indicates  that  shear  predominantly  Induces 
the  transition;  not  isotropic  compression.  It  will  be  shown  shortly  that  this  is  also  consistent 
with  the  theory  of  chemical  bonds. 

Notice  that  the  first  nearest-neighbor  distance  in  the  )3-tin  structure  is  3.01  A.  while  the  second 
nearest-neighbor  distance  is  3.18  A.  So  the  difference  is  only  5.6%.  This  has  led  many  authors 
to  assert  that  the  coordination  number  is  6,  rather  than  4,  in  )3-Sn.  However,  conservation  of 
orbital  continuity  requires  that  it  be  4  as  suggested  by  Fig.  3. 

It  has  become  commonplace  to  discuss  these  semiconductor  transitions  in  terms  of  energy  vs. 
density  diagrams  (Yin  and  Cohen,  1980),  but  Fig.  3  and  the  text  above  indicates  that  this 
obscures  the  nature  of  the  change.  The  change  is  primarily  one  of  shape:  and  only  secondarily 
of  specific  volume.  The  same  comment  applies  to  other  substances.  For  example,  it  applies 
to  the  transformations  in  silicates  and  phosphates  which  also  involve  covalent  bonds.  In  such 
cases,  volume  change  is  not  an  adequate  descriptor  of  either  the  structural,  or  the  energetic, 
factors. 

Little  is  known  experimentally  about  the  state  of  deformation  at  the  start  of  the  transformation. 
Typically,  only  the  "pressure"  is  reported;  and/or  the  "volume".  But  it  is  not  clear  whether  the 
material  still  has  cubic  symmetry;  and  to  what  level  of  precision. 


BOND-BENDING  CRITERION  FOR  TRANSFORMATION 


A  simple  criterion  for  shear  metallization  can  be  derived  from  Pauling’s  original  (approximate) 
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theory  of  the  chemical  bond  (Glasstone,  1944).  In  the  most  simple  version  of  this  theory,  the 
form  of  the  wave-function  for  a  hybrid  sp^  orbital  is  (angular  dependence  only;  the  radial  part 
is  assumed  to  be  unchanged  by  hybridization): 

=  1/2(1  -I-  3cos6) 

where  6  is  the  angle  with  respect  to  the  direction  of  the  bond.  The  first  term 
represents  the  s-part  of  the  orbital  while  the  second  represents  the  p-part.  The  bond  energy 
is  proportional  to  the  square  of  this;  and  the  anti-bonding  orbital  has  a  similar  form  except  that 
its  energy  decreases  with  increasing  bond-angle.  The  energy  difference,  or  gap,  between  the 
bonding  and  anti-bonding  energies  decreases  toward  zero  as  the  bond  angle  increases  from 
its  initial  value.  The  gap  becomes  zero  when  the  bond  angle  becomes  148.5°  which  is  close 
to  the  149.5°  observed  for  tin.  The  excellent  agreement  may  be  fortuitous,  but  the  calculation 
illustrates  the  principle  that  there  is  a  strong  dependence  of  bond  energy  on  bond  angle,  and 
that  there  is  a  critical  angle  at  which  the  bonding  becomes  metallic.  Numerical  band-theory 
calculations  are  consistent  with  this  (Chelikowsky,  1987). 

Further  support  can  be  given  to  this  geometric  criterion  by  showing  that  it  yields  the  correct 
energy  condition.  That  is,  by  showing  that  the  work  done  in  changing  the  bond-angle  equals 
the  energy  needed  to  close  the  energy  gap. 

Imagine  a  bond  of  length,  b  that  is  held  in  place  at  one  end  and  acted  on  by  a  tangential  force, 
f  at  the  other  end.  The  force  tends  to  change  the  bond  angle,  0,  and  is  resisted  by  a  bond¬ 
bending  force-constant,  kg  (d-cm).  For  a  small  change  of  the  angle,  the  incremental  work,  dW 
done  by  the  force  is:  fbdO  =  kaOdd.  Integration  yields: 

®  W  =  Ke(A8)2/2 

and  since  the  observed  value  of  A0  is  0.7  radians,  W  =  kg/4.  This  is  to  be  compared  with  one- 
half  of  the  energy  gap  k0  has  been  defined  in  various  ways,  but  most  convenient  is  Harrison’s 
(1980)  definition:  kg  =  (3b®/8)(C.|  -1-0.12)  which  relates  it  to  the  standard  elastic  constants,  Cy. 
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Figure  4  -  Work  required  to  bend  bonds  from  their  initial  tetrahedral  angles  up  to  the  critical 
transformation  angle  plotted  against  the  average  energy  gap  of  the  material. 


Mclalii/ution  and  insuli/a(u>n  during  impact 


291 


If  the  bond-bending  hypothesis  is  valid  the  force  constant  should  be  related  to  the  band-gap, 
and  Fig.  4  shows  that  indeed  it  is.  Thus,  as  the  gap  increases,  so  does  the  force  constant,  and 
the  angle  change  needed  to  close  the  gap  remains  approximately  constant. 


CONSEQUENCES  OF  METALLIZATION  AND  HYPERVELOCITY  IMPACTS 

For  states  of  uniaxial  compression  such  as  those  experienced  in  the  inertial  confinement  of 
strong  shock  waves,  or  in  the  confined  static  compression  of  indentations,  bond-angle  changes 
are  accompanied  by  bond-length  decreases,  and  metallization  is  induced  by  the  combination. 
However,  since  the  stretching  force  constants  are  much  larger  than  the  bending  force  constants 
(by  a  factor  of  ~4)  they  provide  most  of  the  resistance  to  the  loading,  and  bending 
accommodates  most  of  the  deformation.  This  may  account  for  the  correlations  that  have  been 
found  between  transformation  pressures  and  indentation  hardnesses  (Gilman,  1992).  An 
example  of  this  correlation  is  shown  in  Fig.  5.  This  indicates  quite  strongly  that  there  is  a 
connection  between  flow  under  conditions  of  high  deformation  and  electronic  transitions  in 
these  materials.  It  should  then  be  expected  that  hard  materials  that  are  impacted  at 
hypervelocities  will  transform  through  delocalization  of  their  bonding  electrons  into  states  that 
will  flow  more  readily  than  might  otherwise  be  expected. 


Figure  5  -  Insulator-metal  transition  pressures  correlated  with  Vickers  hardness  numbers  (VHN). 
The  correlation  suggests  that  bond-bending  plays  an  important  role  in  both 
processes. 

If  it  is  accepted  that  shear  can  induce  metallization,  there  are  implications  for  many  situations 
that  do  not  appear  to  have  been  appreciated  in  the  past.  These  include;  point-contact  diodes 
and  transistors  (Clarke  et  al.,  1988),  various  allotropic  transformations  including  those  involving 
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the  d-shell  bonding  in  metals,  chemical  reactivity  by  facilitating  electron-transfers(Gilman, 
1 992) ,  the  core  structures  of  dislocations  and  dislocation-dipoles,  the  mechanisms  of  machining 
and  grinding.  Mode  III  crack  propagation,  reversible  compression-induced  transitions  in  silicate¬ 
like  frameworks,  impacts  and  shock  fronts,  friction  and  wear  phenomena,  and  indentations 
(Gilman,  1992). 

In  the  last  case,  a  dramatic  photograph  has  been  obtained  by  Pharr,  Oliver,  and  Harding 
(1991).  This  shows  material  extruding  out  from  under  a  diamond  pyramid  as  it  indents  silicon. 
An  interpretation  is  that  the  compression  created  by  the  indentation  has  metallized  the  silicon 
locally  thereby  allowing  it  to  extrude  like  a  metal.  This  observation  has  led  to  the  proposal  that 
this  is  a  common  phenomena  when  similar  states  of  deformation  are  present. 

A  connection  between  impact  yield  stresses  (Hugoniot  elastic  limits)  for  hard  materials  was 
demonstrated  by  the  author  previously  (Gilman,  1970;  1975).  The  connection  is  illustrated  by 
Fig.  6.  In  the  light  of  the  evidence  presented  here  for  the  sp^  bonded  semiconductors,  it  is 
natural  to  wonder  whether  impact  has  a  large  effect  on  the  electronic  (bonding)  structures  of 
hard  compounds  like  B^C.  Does  the  Hugoniot  elastic  limit  represent  a  phase  transition?  Or 
does  it  represent  the  stress  needed  to  move  low  mobility  dislocations?  What  is  the  role  of 
shear  deformation  compared  with  that  of  isotropic  compression?  How  might  one  answer  these 
interesting  questions? 


INDENTATION  HARDNESS  (KBAR) 

Figure  6  -  Relationship  of  dynamic  (explosive  impact)  yield  stresses  to  static  yield  stresses  (from 
indentation  hardness)  for  various  hard  compounds.  The  ratio  of  these  yield  stresses 
to  the  elastic  shear  stiffnesses  for  these  compounds  is  the  same  as  for  those  of 
Figure  8.  The  data  are  from  C.  F.  Cline. 

Since  all  solids  become  metallic  when  compressed  sufficiently,  they  will  all  metallize  at 
sufficiently  high  impact  velocities.  So  the  question  is  not  whether  hypervelocity  impact  causes 
changes  in  the  electronic  structures  of  solids  (or  liquids);  the  question  is  when?  And  when 
does  shear  deformation  facilitate  the  process? 

The  velocity  needed  to  transform  silicon,  for  example,  in  an  impact  with  itself  is  about  1.3 
km/sec.  This  assumes  a  critical  strain  of  about  0.2;  a  bulk  modulus  of  2.24  Mb;  and  a  specific 
gravity  of  2.33.  For  SiC  the  critical  impact  velocity  is  about  1.6  km/sec.  Thus  the 
transformation  can  be  expected  under  typical  hypervelocity  conditions. 


Mcutlli/ation  anJ  inMili/aium  during  inipaci 


29^ 


INSULIZATION,  THE  INVERSE  OF  METALLIZATION 

For  tensile  states  of  strain  in  metals,  metallization  is  not  expected,  but  the  inverse:  that  is 
"insulization",  is.  It  is  expected  that  insulization  \will  be  deformation  dependent  (i.e.,  dependent 
on  both  dilatation  and  shear).  This  would  change  the  metallic  bonding  from  a  delocalized 
mode  to  a  localized  one.  Therefore,  it  might  well  play  a  role  in  such  phenomena  as  crack 
propagation  in  which  large  tensile  strains  exist  near  crack  tips.  It  might  also  account  for  why 
the  spalling  of  metals  that  is  associated  with  strong  reflected  shock  wave*?  is  often  very 
localized.  And  it  may  account  in  part  for  the  weakening  effects  of  large  concentrations  of 
dislocations;  as  well  as  the  hardening  effects  of  dilatational  dislocation  dipoles  in  metals. 
Localization  of  the  bonding  would  be  expected  to  have  a  strong  influence  on  the  microscopic 
mechanisms  of  these  various  phenomena. 

Bonding  in  most  of  the  metals  that  are  used  to  build  engineering  structures  is  associated  with 
interactions  of  the  d-type  electrons  (3d,  4d,  and  5d).  These  interactions  are  responsible  for  the 
high  cohesive  energies,  the  high  stiffnesses,  and  melting  points  of  the  structural  metals. 
Ductility  in  these  metals  is  associated  with  small  (relatively)  shear  moduli.  That  is,  with  low 
values  of  the  ratio  of  the  shear  to  the  bulk  modulus  (Gilman,  Cunningham  and  Holt,  1990). 
This,  in  turn,  is  related  to  delocalization  of  the  bonding  electrons,  particularly  the  d-electrons 
since  the  s-  and  p-electrons  contribute  relatively  little  to  either  the  bonding  or  the  shear 
resistance.  These  comments  apply  to  the  pure  metals;  alloying  may  also  play  a  crucial  role. 

One  manifestation  of  the  importance  of  the  d-bonding  is  the  fact  that  iron  cleaves  on  its  (100) 
planes  rather  than  the  most  close-packed  (110)  planes.  Another  direct  manifestation  is  the  role 
that  it  plays  in  determining  dislocation  mobility  in  the  "hard  metals":  carbides,  borides,  and 
nitrides  (Gilman,  1970). 

The  d-orbitals  tend  to  be  more  compact  than  the  s-  or  p-orbitals  so  only  their  tip  regions  tend 
to  overlap  in  transition  metal  crystals  (Cottrell,  1988).  The  more  the  overlap  the  more  the 
delocalization.  Thus,  if  such  a  crystal  is  extended  so  the  overlap  is  reduced,  localization  (and 
bond  directionality)  increases,  and  properties  such  as  dislocation  mobility  tend  to  decrease, 
while  crack  tip  localization  tends  to  increase. 

The  standard  localization  parameter  is  called  the  "hopping  Integral"  which  measures  how  fast 
electrons  tend  to  hop  from  one  atom  to  another  (Cottrell,  1988).  In  other  words  how  readily 
they  move  away  from  any  particular  locality.  For  the  strongest  d-bonds  (called  ddo-bonds),  it 
has  the  following  form: 

hopping  integral  =  /3  =  -2.4  w  (rg/b)® 

where  w  =  d-band  width,  rg  =  Wigner-Seitz  radius,  and  b  =  bond  length.  The  inverse  fifth- 
power  dependence  of  (3  indicates  that  small  extensions  can  cause  large  increases  in 
localization.  For  example,  extending  the  bond  length  by  25%  decreases  the  hopping  integral 
by  a  factor  of  ~3. 

Very  large  extensions  of  metals  will  convert  them  into  insulators  when  the  s  and  p-electrons 
become  localized.  However,  these  extensions  are  so  large  that  they  will  rarely  be  consequential 
in  practice.  However,  localization  will  tend  to  increase  shear  stiffness  relative  to  extensional 
stiffness,  and  this  will  change  the  overall  mechanical  response. 


POSSIBLE  ROLE  OF  DELOCALIZATION  IN  DISLOCATION  MOTION 


Hard  materials  may  be  divided  into  two  hardness  classes;  intrinsic  and  extrinsic.  The  extrinsic 
ones  are  those  in  which  dislocations  move  readily  through  perfect  crystals  of  the  base 
composition,  but  are  inhibited  by  defects  such  as  other  dislocations,  dipoles,  impurities,  grain 


boundaries,  and  precipitates.  Most  crystalline  metals  and  many  ionic  compounds  belong  to 
this  class.  Intrinsic  ones  are  those  in  which  dislocation  mobilities  are  low  even  in  perfect 
crystals.  Examples  of  these  are  semiconductors,  interstitial  metal  compounds,  and  metallic 
glasses.  In  the  intrinsic  class,  the  behavior  suggests  that  electronic  structure  plays  an 
important,  and  intrinsic,  role.  Some  of  the  facts  leading  to  this  conclusion  are: 

a.  the  correlation  between  the  thermal  activation  energy  for  dislocation  motion  and 
electronic  energy  gaps  (Fig.  7)  (Gilman,  1975). 

b.  the  large  ratio  of  the  hardness  number  and/or  the  Hugoniot  elastic  limit  to  the 
elastic  shear  stiffness  (Figs.  6  and  8)  (Gilman,  1973). 

c.  the  connection  between  the  critical  transformation  pressure  and  the  hardness  number 

(Fig.  5). 

d.  the  influence  of  light  and  other  electrical  disturbances  on  hardness,  and  plastic  flow, 

including  surface  effects  (McColm,  1990). 


MINIMUM  BAND  GAP  (e.v.) 

Figure  7  -  Activation  energy  for  the  motion  of  dislocations  versus  the  minimum  energy  gap  for 
various  covalently  bonded  crystals. 

The  connection  between  the  mechanics  and  the  electronics  occurs  through  the  bond-bending 
effects  at  the  cores  of  dislocations  and  cracks.  On  the  glide  plane  of  a  dislocation,  the  shear 
strain  is  a  maximum  at  the  center  of  the  core  and  falls  away  to  zero  on  both  sides.  At  the 
center,  if  the  spacing  of  the  glide  planes  is  h,  and  the  Burgers  displacement  is  6,  the  maximum 
shear  strain  is  6/2h. 

Then,  taking  semiconductors  as  an  example,  in  the  diamond  framework  h  =  b,  and 
6  =  1 .63  b,  so  the  maximum  strain  is  0.82  and  the  bond-bending  angle  is  the  inverse  tangent 
of  this  or  39.2°.  This  plus  the  tetrahedral  angle  (109.5°)  yields  148.7°  which  is  the  angle  at 
which  the  energy  gap  closes.  Closing  the  gap  is  equivalent  to  "breaking"  the  bond,  and  being 
an  irreversible  process,  it  limits  the  dislocation  motion.  Similarly,  it  is  equivalent  to  the  band-to- 
band  tunneling  process  that  was  proposed  previously  (Gilman,  1975)  to  account  for  low- 
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temperature  dislocation  mobility.  At  higher  temperatures,  it  is  expected  that  phonons  will  assist 
the  bond-bending  process,  thereby  increasing  dislocation  mobility. 

Impact  loading  causes  countervailing  effects  which  complicate  interpretations.  On  one  side, 
the  high  strain-rates  minimize  the  time  available  for  strain-relaxation  through  dislocation  motion 
and  multiplication.  On  the  other  side,  high  stresses  tend  to  be  present  which  delocalize 
bonding  electrons  and  thereby  enhance  mobilities. 


GLIDE  PLANE  SHEAR  STIFFNESS  ( ) 


Figure  8  -  Showing  that  the  ratio  of  the  Vickers  hardnesses  of  a  variety  of  tetrahedrally  bonded 
crystals  to  their  elastic  shear  stiffnesses  is  1/6.  Thus  the  corresponding  ratio  for  their 
shear  flow  stresses  is  =1/18. 


CONCLUSION 

Evidence  has  been  presented  showing  that  the  large  shear  deformations  that  occur  during 
impact  can  cause  semiconductors  to  transform  into  metals.  Thus  materials  that  are  normally 
quite  brittle  can  become  ductile.  Their  yield  stresses  can  decrease  dramatically.  Criteria  for 
this  phenomenon  are  given  that  are  derived  from  the  theory  of  chemical  bonding.  The 
transformation  occurs  when  covalent  bonds  are  bent  from  their  normal  angles  by  a  critical 
amount  (for  tetrahedral  bonds,  when  the  bond  angle  goes  from  109.5°  to  149.5°).  Compression 
must  also  be  present. 

Expansion  causes  the  opposite  of  metallization:  namely,  insulization.  That  is  localization  of 
bonding  electrons.  This  may  be  important  in  the  behavior  of  expanded  transition  metals. 
Localization  of  the  bonding  d-electrons  will  modify  the  behavior  of  dislocations  and  cracks  in 
these  expanded  metals. 
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NONSTEADY  PENETRATION  OF  LONG  RODS  INTO  SEMI-INFINITE  TARGETS 
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ABSTRACT 

This  paper  describes  a  new  one-dimensional  theory  of  nonsteady  penetration  of  long  rods  into  semi-infinite  targets. 
The  target  is  viewed  as  a  "finite  mass"  that  resides  within  the  semi-infinite  target  space.  Thus,  an  equation  of 
motion  for  the  target  was  constructed  so  that  together  with  erosion  and  pcnetrator  deceleration  equations, 
expressions  for  penetration  rates  and  depths  were  obtained.  Forces  acting  on  the  target  and  penetrator  are  defined 
in  terms  of  only  ordinary  strength  levels  usually  associated  with  dynamic  properties  or  work-hardened  material 
states.  Also,  the  concept  of  critical  impact  velocity  was  used  to  establish  the  onset  of  penetration  in  this 
formulation.  This  penetration  equation  corresponds  in  exact  form  to  hydrodynamic  theory  in  the  limits  of  small 
strengths  and/or  high  impact  velocity.  Results  for  penetration  rates  agree  well  with  hydrocode  calculations,  and 
predicted  penetrations  agree  with  experimental  data  over  an  impact  velocity  range  of  0-5,000  m/s. 


NOTATION 


A 

Ap,  A, 

Cc, 

d 

f-g 

/,,  /.  I,,  I, 
Mp.  M, 

P 

Q 

c  c 
-p- 

t 

u„,  u,  u,. 
Vs,  v.  v, 
X„,  X 

a 

Y 

Pp-  Pi 


empirical  constant 

rod  and  target  cross-sectional  areas 

sound  velocity 

rod  diameter 

empirical  functions 

initial,  intermediate  and  final  rod  lengths 

intermediate  rtxl  and  target  masses 

depth  of  penetration 

angle  related  to  velocity  ratio 

strengths  of  rod  and  target 

time 

initial,  intermediate,  critical  and  hydrodynamic  penetration  velocities 

initial,  intermediate  and  critical  rod  velocities 

initial  and  intermediate  target  lengths 

constant  related  to  erosion  rates 

square  root  of  density  ratio 

densities  of  rod  and  target 


INTRODUCTION 

Current  descriptions  of  long-rod  penetration  contain  combinations  of  simple  theories  and  complex  models.  These 
often  attempt  to  include  appropriate  material  strength  effects.  For  example,  Belyakov  et  al.  (1962)  extended  the 
Poncelet  approach  for  soft  targets  to  short  penetrators  striking  solid  targets.  More  recently,  Dehn  (1987)  developed 
a  unified  theory  of  penetration  that  addresses,  in  principle,  short  and  long  penetrators  and  wide  ranges  of  pienetrator 
and  target  characteristics  through  various  assumed  force  laws.  In  nearly  all  such  cases,  it  has  been  necessary  to 
include  empirical  adjustments  in  the  application. 

Another  approach  for  penetration  of  long  rods  developed  from  hydrodynamic  theory  of  jet  penetration.  For  this, 
Birkhoff  et  al.  (1948)  successfully  applied  Bernoulli’s  equation  for  steady  streamline  flow  to  the  jet  penetration 
process.  For  long-rod  penetration  at  lower  impact  velocity,  Alexveeskii  (1966)  and  Tate  (1967,  1969)  developed 


f  I  (  IK  \i  » 


a  "nuHlified "  Bernoulli  equation  wherein  penetrator  and  target  material  strengths  were  introduced  as  Bernoulli 
pressures.  Wright  (198.^)  examined  difficulties  posed  by  this  pnx:edure  including  nonsieady  How  asswiated  with 
penetration  by  retarding  rtxls.  In  further  development,  Tate  (1986a,  1986b)  relates  the  high  strength  factors 
required  in  the  nKxJel  to  actual  dynamic  material  propertie.s. 

Despite  various  shortcomings,  when  appropriate  models  and  adjusted  material  properties  are  included,  both  the 
Poncelet  and  mtxlified  Bernoulli  equation  approaches  provide  one-dimensional  mtxlels  for  long-rtxl  penetration 
mechanics.  An  example  of  the  complexities  encountered  can  be  seen  in  the  work  of  Luk  and  Piekutowski  (1991). 
Recently,  comprehensive  surveys  of  the  subject  have  been  provided  by  Anderson  and  Bodner  (1988)  and  Zukas 
( 1990),  Frank  and  Zxxtk  (1987)  have  commented  on  the  utility  of  several  currently  utilized  mtxlels  and  described 
procedures  to  optimize  penetrator  design  with  success. 

In  this  paper,  the  author  presents  a  new  theory  for  nonsteady  penetration  of  long  rtxls  into  semi-infinite  targets. 
In  this  development,  Newton's  laws  are  applied  to  obtain  solutions  to  various  problems  given  initial  conditions  and 
more  normal  values  for  material  strengths.  Further,  in  the  appropriate  limits,  the  theory  corresponds  to  hydrodyn¬ 
amic  penetration  and,  therefore,  has  application  to  both  jets  and  long-rcxl  penetrators. 


FORMULATION  OF  NONSTEADY  PENETRATION  THEORY 

In  this  theoretical  development,  the  target  is  defined  as  a  "finite  mass"  that  resides  within  the  .semi-infinite  target 
space.  Such  target  definition  is  implied  in  the  hydrtxlynamic  theory  of  jet  penetration  (Birkhoff  el  al.,  1948). 
Further,  Batra  and  Wright  (1986)  noted  that  for  a  rigid  perfectly  plastic  target,  target  material  adjacent  to  the 
penetrator  extrudes  rearward  in  a  uniform  bkx'k  that  is  separated  from  the  bulk  of  the  stationary  target  by  a  sharp 
veltK'ity  gradient.  Thus,  for  present  purposes,  target  mass  is  considered  to  be  that  which  tx'cupies  a  right  circular 
cylinder  extending  into  the  target  from  the  front  surface  to  a  depth  that  equals  or  exceeds  the  expected  penetration. 
The  geometry  of  the  penetration  problem  is  given  in  Fig.  1.  Initial  values  are  defined  as  penetrator  length  /„, 
effective  target  length  x„,  penetrator  striking  veltKity  v,.  and  penetration  veltKity  u„.  Current  values  at  any 
intermediate  time  t  are  noted  as  uneroded  penetrator  length  /,  penetrator  ma.ss  Mp,  unenxled  target  length  x,  target 
mass  M,,  penetrator  velocity  v  and  penetration  veltKity  u.  Also,  densities  for  penetrator  and  target  are  denoted  pp 
and  p,,  respectively. 

The  ctxirdinate  system  chosen  is  ItKated  at  the  penetrator-target  interface.  In  this  system,  target  material  flows  into 
the  reference  point  with  velocity  u,  while  penetrator  material  flows  at  a  rale  (v-u).  For  a  one-dimensional  problem, 
erosion  prtxlucts  are  removed  from  the  axis  as  flow  takes  place.  Any  turning  of  the  products  (radial  acceleration) 
would  be  due  to  off-axis  interactions  with  target  material  in  a  two-dimensional  sense  and  need  not  be  considered 
here.  Relative  to  the  reference  point,  the  equation  of  motion  for  the  penetrator  is 

Mp^(v-u)=  -SpAp.  (1) 

where  Sp  is  a  measure  of  nxl  strength,  Ap  is  rcxl  original  cross-sectional  area  such  that  -SpAp  is  the  force  applied 
to  the  penetrator.  If  the  target  mass  is  isolated  completely  from  its  surroundings,  then  tnere  would  be  no  force 
associated  with  the  action  of  shearing  stresses  on  its  cylindrical  surface  so  that,  in  this  case,  the  time  rate  of  change 
of  momentum  for  the  target  system  would  be 


M,  .  ,2) 

dt 

where  .S,  is  target  strength.  A,  is  the  target  cross-sectional  area  (not  final  cavity  area)  and  -S,A(  is  the  force  applied 
to  the  target.  Also,  penetrator  mass  M  =  PpAp/  and  target  mass  M,  =  P|A,x  so  quantities  for  rod  and  target  are 
independent  of  their  respective  areas.  Since  time  derivatives  of  Fx)s.  (1)  and  (2)  are  nonzero,  the  represented  flow 
is  clearly  nonsteady.  Conservation  of  mass  provides  expressions  for  rod  and  target  erosion  (Birkhoff  ci  al..  1948), 
respectively,  as 
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Fig.  1.  Impact  geometry  defining  "finite  target  mass”  and  variables  used  for 
nonsteady  penetration. 


Eqs.  ( 1 1  and  (2)  have  the  following  forms  when  Eqs.  (3)  and  (4)  are  used  to  eliminate  explicit  dependence  on  time 
as  follows: 

(v  -  u)  d  (v  -  u)  =  —  —  ,  (5) 

Pp  ‘ 

u  d  u  =  ii  .  (6) 


Eqs.  (5)  and  (6)  are  integrated  to  provide  velocity  dependencies  on  /  and  x.  These  give  independent  trajectories 
for  the  two  masses  as 


V  -  u  (Vj,  -  Uy)  1  +  - - ^ - -  In  (///q) 

L  Pp(v,-u„)2 


In  (x/Xq) 


In  general,  the  penetration  depth  P  at  any  point  in  the  penetration  process  is  (x^-x)  and  is  obtained  by  integrating 
u/(v-u)  over  the  rod  length  1.  This  gives 
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Eqs.  (1)  through  (9)  represent  a  general  formulation  for  the  nonsteady  penetration  problem.  The  first  integrals  of 
motion  are  obtained  in  closed  form  as  shown  in  Eqs.  (7)  and  (8).  The  second  integral  of  motion,  namely 
penetration,  will  require  additional  assumptions  to  obtain  solutions.  These  are  provided  in  the  next  two  sections. 
Summary  of  the  assumptions  thus  far  include  1 )  the  target  is  considered  a  finite  mass  embedded  in,  but  isolated 
from,  the  semi-infinite  target  space,  2)  both  penetrator  and  target  undergo  erosion  and  retardation  and  3)  penetrator 
and  tiirget  are  acted  upon  by  constant  forces  which  are  related  to  their  respective  strengths. 


IDEALIZED  PENETRATION  PROCESS 


Since  is  unknown  for  the  semi-infinite  target  problem,  it  will  be  necessary  to  establish  a  relationship  between 
x  and  /  before  Eq.  (9)  can  be  solved.  If  the  forces  of  collision  are  assumed  to  be  equal  (S,  A,  =  Sp  Ap),  then  x 
can  be  obtained  by  equating  (1)  and  (2)  after  substituting  (Pp  Ap  /)  and  (p,  A,  x)  for  the  rod  and  target  masses 
respectively.  Also,  Eqs.  (3)  and  (4)  provide  an  additional  expression  for  x.  Together  these  result  in 


Jl 


d(v  -  u  ) 


I'.  1.  (iK\<  I 


A  possible  solution  for  Eq.  (10)  is 


u  _  1 

V  -  u  a 


where  a  is  a  constant.  Substituting  (11)  into  (10)  gives 


1  -  ^  ii  a)  /  =  (1  /„  -  X  J  . 
.a  Sp  p,  /  la  "  °l 


where  the  right  hand  side  of  Eq.  (12)  is  a  constant.  Since  Eq.  (12)  must  hold  at  any  value  of  /,  the  quantity 
|(l/a)  -  (pp/Sp)  (S,/p,)  a]  =  0,  so  that 


Eqs.  (11)  and  ( 1 3)  provide  additional  relationships  as 

u  =  _  ,  V  -  u  =  _  V  ,  (14) 

1  +  a  I  +  a 

dx  _  d/ 

X  /  ’  x„  ■ 

where  Eqs.  (14)  hold  for  initial  values  u^,  (Vj-u^)  and  Vj.  as  well.  Eq.  (15)  allows  (8)  to  be  expressed  in  terms  of 
I  giving 

2S,  m 

u  =  Uq  1  +  - L  In  (///„)  (16) 

^  Pi% 

Using  (14)  for  u  and  v-u,  and  (16)  for  1/1^  forms  the  integrand  for  Eq.  (9)  in  this  ideal  case.  Integration  gives 

P  =  -ij  1  -  exp  -  - ^1 - -  (v“  -  v^)  I  .  (17) 

«  I  2S,(  Wa)'  '  ■  '\  ] 


A  case  of  interest  is  where  p/S  =  Pp/Sp  =  Pj/Sj.  Associated  values  given  by  (13)  and  (14)  are 


a=l,  u=  —  V,  v-u  =  _v. 

2  2 


In  this  case,  penetration  is  obtained  by  (17)  and  (18)  to  give 


P  =  /„  3  1  -  exp 


P  I  2  2 

4(2S)  '  * 


which  is,  of  course,  restricted  to  cases  where  the  target  and  penetrator  have  equal  strength-to-density  ratios.  Eq. 
(19)  is  somewhat  less  restrictive  than  the  special  case  p  =  pp  =  p,  and  5  =  5-  =  S,,  although  it  applies  there  as 
well.  When  compared  to  Walters  and  Segletes  (1991)  closed  form  solution  to  Tate’s  equation  in  this  special  case, 
Eq.  (19)  contains  an  additional  factor  of  two  in  the  denominator  of  the  exponential  term.  Thus,  the  present 
equation  indicates  a  greater  material  strength  influence  in  the  penetration  process  than  does  the  Tate  solution.  The 
ideal  penetration  as  given  by  Eq.  (17)  results  from  the  general  formulation  of  the  previous  section  under  the 
additional  assumption  that  the  forces  of  collision  between  the  penetrator  and  target  are  equal. 


GENERALIZED  PENETRATION  PROCESS 

For  the  more  general  penetration  problem,  it  will  be  necessary  to  introduce  additional  considerations.  Here,  the 
relationship  between  x  and  /  will  not  be  given  by  a  con.stant  a  but  will  be  allowed  to  vary  throughout  the 
penetration  process.  This  is  expressed  as 
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X  =  — L_  /  ,  (20) 

a(/) 

where  a  (/ )  is  a  slowly  varying  function  whose  derivatives  may  vary  considerably.  In  this  case,  x  is  given  at  two 
points  as 

X  “Oo)  /  / 

_  =  - 2 _ 1_  -  _  ,  (21) 

>^0  «(/)  /o  lo 

where  a(/(,)/a(/ )  is  approximated  by  the  value  of  one.  Thus,  ///„  becomes  a  useful  metric  of  x/x^  so  that  Eq.  (16) 
is  valid  in  the  general  case.  The  derivative  of  x  with  respect  to  I  is 


J_  ^  I  d[l/a(/)| 


and  dividing  by  dt  together  with  (3)  and  (4)  provides 


_1_  ^  ^  d[l/a(/)| 


(V  -  u)  . 


The  time  scale  dt  as  given  by  (3)  and  (4)  is  preserved  since  by  (22)  and  (23) 


,  dx 

dt  =  -  — 


(v-u) 


for  the  general  penetration  prtKess,  Eqs.  (7)  and  (16)  provide  the  integrand  to  be  used  in  Eq.  (9).  This  gives  a 
general  expression  for  penetration  as 


—  f 

'• ‘“"J, 


I  1.  - Lin  (///„, 


Pp<''s  -  “J 


2  In  (///o) 


It  will  not  be  necessary  to  specify  a(/ ).  The  quasi-independent  nature  of  the  u  and  v-u  equations  given  by  (7)  and 
(16)  generates  variations  in  the  flow  variables  during  the  penetration  process.  These  are  such  that  u/(v-u)  :s  not 
constant  in  this  general  case,  and,  therefore,  the  flow  is  consistent  with  Eq.  (23).  In  addition,  the  initial  conditions 
Uj,  and  v^-Ug  are  determint  J  from  other  sources  (next  .section)  where  factors  related  lO  the  onset  of  penetration  have 
been  included.  The  time  t  during  penetration  can  be  obtained  from  (3)  and  (7),  where  tj,  =  0  at  impact  of  the  rod 
with  the  target  front  surface.  This  gives 


—  f\ 


In  (///„)  61. 


The  solution  for  the  entire  penetration  process  from  impact  to  where  pe  'ciration  stops  requires  integration  of  Eq. 
(23)  over  the  interval  /„  to  where  is  rod  length  when  u  =  0.  Eq.  (16)  gives  rod  length  as 


'a  "  ‘o  exp 


P.  2 

2S, 


In  some  cases  when  penetration  ceases,  rod  erosion  continues  until  the  erosion  rate  v-u  =  0.  In  this  situation, 
unertxled  nxl  length  /j,  is  given  by  (7)  as 


‘b  =  <''s  -  "o)’  ■ 


I  I  (  iK  \(  I 


The  behavior  of  (23),  (27)  and  (28)  implies  two  distinct  penetration  possibilities.  The  first  corresponds  to  the  case 
where  target  petietration  ceases  while  rod  erosion  continues.  The  .second  occurs  when  rod  erosion  cea.ses  before 
target  penetration  is  completed.  The  two  cases  are  defined  -.vhen  eqs.  (27)  and  (28)  meet  the  following  conditions: 

Case  1:  > /h .  Case  2:  (29) 

In  Case  1,  ps  ..ation  depth  is  given  by  integration  of  Eq.  (25)  since  (v-u)  is  finite  throughout  the  interval  to 
/j.  In  Case  2,  the  function  can  only  be  integrated  up  to  /(,  since  at  and  beyond  /^,  the  integral  is  undefined. 
Penetration  beyond  /  =  /(,  is  considered  to  be  that  of  a  rigid  body. 

Ei|.  (23)  becomes  identical  to  hydrodynamic  theory  of  penetration  in  the  appropriate  limits,  For  example,  when 
.S|,  and  S,  equal  zero,  or  as  u„  (through  v^)  approaches  a  high  value,  the  integrand  of  F-q.  (25)  becomes  equal  to 
one.  Also,  the  upper  limit  of  the  integral  becomes  /  =  0  under  these  same  conditions  through  Eqs.  (27)  and  (28). 
In  these  limits,  the  penetration  Eq,  (25)  corresponds  to  the  hydrodynamic  penetration  equation  as 


where  the  constant  u„/(v^-u„)  can  be  seen  to  equal  ^pp/p,  at  the  hydrodynamic  limit  (see  Eq.  |.781.  next  section). 

Eqs.  (7),  (16).  (23),  (26),  (27),  and  (28)  constitute  a  complete  set  of  solutions  tor  long-rod  penetration  problems. 
In  present  form,  variables  are  expressed  as  functions  of  r<xl  length  1.  which  is  the  independent  variable.  Eq.  (26) 
allows  variables  to  be  expressed  as  numerical  functions  of  time  t  after  impact.  This  provides  time  histories  of  the 
fiow  prtK'ess  as  well.  'I'he  relative  magnitudes  of  and  /p  as  given  by  (27)  and  (28)  define  two  distinct  penetration 
cases  and  also  determine  whether  or  not  rigid  btxly  penetration  occurs  in  a  particular  problem.  Eq.  (28)  provides 
the  length  of  unertxJed  rod  expected  to  be  present  at  the  very  end  of  the  rod  erosion  process.  The  assumptions 
involved  in  the  general  solution  as  given  by  Eq.  (25)  include  those  summarized  in  the  general  formulation  of  the 
nonsteady  penetration  problem,  together  with  the  additional  assumption  that  the  ratio  u/(v-u)  varies  slowly 
throughout  the  penetration  prtKess  and  that  the  ratio  is  given  by  Eq.  06)  divided  by  Eq.  (7). 


A  SEMI-EMPIRICAL  .METHOD  TO  DETERMINE  u„ 

fair  the  general  impact  problem,  experimental  data  and  hydroctxle  calculations  indicate  that  Uj,.  can  differ  markedly 

from  the  hydrixlynamic  value  Up  =  v^/(l-i-  y),  where  y  is  ^p,/pp  .  As  a  general  rule,  target  strength  significantly 
decreases  Uj,  while  penetrator  strength  tends  to  only  modestly  increa.se  ti^,  relative  to  Up.  Also,  inmxlucing  on.set 
of  penetration  through  a  critical  impact  veltKity  alters  u„  significantly,  particularly  at  low  impact  velocity.  Values 
for  u„  under  a  number  of  impact  conditions  are  provided  by  hydroctxie  calculations  where  u„  was  obtained  by 
extrapolating  u(t)  back  to  the  target  front  surface  (ignoring  the  transient).  Figure  2.  presents  u^  and  Up  as  a  function 
of  striking  veltK'ity  where  the  plotted  points  are  results  of  CTH  calculations  (Kimsey,  1992).  The  established 
concept  of  critical  impact  velocity  provides  a  means  to  estimate  onset  of  penetration  (Wilkins  and  Guinan,  197.7), 
This  is  extended  to  include  both  target  erosion  (penetration)  and  penetrator  erosion.  These  give 

3  Pp  \  -  s, .  ^  p,  u;  -  Sp .  (.31) 

where  v^  is  a  critical  striking  veltKity  and  ti^.  is  a  critical  penetration  rate.  The  inteicepi  on  the  v.^  axis  of  Fig  2.  is 
given  by  v^^.  f-or  a  tungsten  alloy  penetrator  of  density  17..7  g/cm^  and  steel  armor  target  strength  of  1..3  GPa,  v^, 
is  .387  m/s.  This  agrees  with  data  of  Ztxtk  et  al.  (1992),  indicating  a  critical  impact  veliKitv  for  tungsten  of  from 
245  to  424  m/s.  For  steel  penetrator  impact  on  steel  targets,  v^,  =  575  m/s.  Figure  2  suggests  a  near  lir  'ar 
dependence  of  u„  on  v^  with  varied  amounts  of  offset  from  u,,  as  v,  is  increased. 

In  view  of  the  previous  discussion  and  the  plotted  results  of  Fig.  2.,  u„  w-ill  be  formed  as  a  linear  combination  of 
involved  '.eUKitics  given  by 


(1  *  y)  u„  -  Vj,  f(v,)v^.  .  g(v,.)u^,  .  (.32) 

where  fiv,.)  and  g(v^)  are  functions  to  be  determined.  The  functions  need  to  be  defined  such  that  u„  can  avoid 
being  positive  when  v..  is  zero,  for  example.  Also,  although  not  necessary,  it  is  desired  to  ft  rcc  the  functions  to 
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zero  as  approaches  infinity.  This  will  enable  u„  to  correspond  to  the  hydrodynamic  value  in  the  appropriate 
limit.  For  present  purposes,  the  following  values  are  taken  for  the  functions; 

v^  <  Vc  ;  f(v^)  =  1,  g(Vj)  =  0 

v^  >  v^,  :  f(v^)  >  0,  g(Vj)  >  0 

v^  — >  >»  :  f(Vj,)  =  0,  g(Vj)  =  0  .  t.T^) 

The  sound  speed  for  the  target  C„  is  used  to  determine  when  the  striking  veUx;ity  approaches  infinity.  Thus,  an 

angle  Q  is  defined  as 


0  - 


7t 

~ 


(.U) 


Hq.  t.M)  can  satisfy  the  requirements  of  (33)  when 

ftv,^)  =  C()s(Q)  and  g(v^)  =  A  Cos(Q)  Sin(Q).  (3.‘S) 

The  definitions  of  (33),  (34i,  and  (3.3)  are  applied  to  E-iq.  (32)  to  give  u„  in  terms  of  values  used  to  define  the 
penetration  problem.  A  gtxxl  fit  was  found  for  A  =  l.ly.  The  three  velocity  ranges  of  Fig.  2.  are  described  by 
the  following: 


(()<v..,<vj:  u„  =  0  . 


(v^<v^<C„l: 


's  Cos(Q) 

2S. 

2S 

-  A  Sin(Q)  1 _ !1 

1  *  Y  1  ♦  Y 

.  N 

Pp 

\  Pi  J 

(C<  <v,,):  u„  = 


(.36) 

(.37) 

(38) 


The  first  term  on  the  right-hand  side  of  (37)  can  be  recognized  as  the  penetration  rate  asstx-iated  with 
hydrodynamic  penetration.  The  second  term  reduces  the  hydrtxJynamic  value  by  a  factor  involving  target  strength 
to  rod  density  ratio,  while  the  third  term  enhances  penetration  rates  according  to  penetrator  strength  to  target 
density  ratio.  Penetrator  strength  is  a  weaker  function  and  only  enhances  penetration  rates  in  the  mid-range  of 
striking  veUx;ities.  The  dashed  lines  of  Fig.  2.  represent  u„  as  determined  by  Faj.  (37)  using  the  same  strength 
values  that  were  used  in  the  CTH  calculations. 


Fig.  2.  E’enetration  vcl(x.ity  plotted  as  a  function  of  striking  velcKity. 
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I  Ills  scsiuin  [irovulos  sonu'  general  results  of  the  long-rod  penetration  eiiuations.  while  detailed  comparisons  to 
esperlmental  data  are  deferred,  raleulations  are  presented  for  fli»w  variables  u,  v,  and  Iv-u)  as  functions  of  rod 
length  and  time.  Also,  penetration  depth  for  combinations  of  sirilsing  velocity,  rtxi  and  target  strengths  are 
esamiiieil,  especially  where  Sp>S|,  Sp=S|  and  Sp<'.S,.  'I'here  are  some  comments  regarding  computational  methods 
used  in  this  work.  liips.  (7)  and  (16)  are  exact  with  respect  to  nxi  length  variable  I.  However,  the  time  F.q.  (26) 
.md  penetration  depth  fu|.  (2,^)  were  numerically  integrated  u.sing  Simpson's  rule.  An  IBM  AI  PC',  a  single 
precision  BASIC'  program,  and  forty-eight  rod  length  intervals  were  used  for  the  numerical  integration. 

Initialls.  three  examples  were  examined  for  steel  penetrators  impacting  steel  targets  where  densities  were  7.S6 
g/cm^.  and  was  .^,170  m/s.  The  malenal  strengths  utilized  are  given  in  Table  1.  Tbe  first  set  of  calculations 

was  done  for  a  striking  veltKity  of  K.'KK)  m/s.  Results  are  presented  in  1-ig.  .V,  where  vel(x;ities  u.  v  and  (v-u)  are 
plotted  as  functions  of  /.  The  curves  exhibit  logarithmic  reductions  in  velocity  variables  as  expected.  Fxamples  1 
,md  2  show  that  when  penetration  cetises  (u  =  0).  rod  motion  and  erosion  continue  li  e.,  v  >  0  and  |v-u|  >  0).  In 
I'xample  .T  the  opposite  occurs.  Here,  erosion  ceases  (v-u  =  0)  befom  penetration  has  been  completed. 

.•\  second  set  of  calculations  was  made  for  the  three  examples  of  interest  over  a  wiile  range  of  striking  veUxtity. 
These  are  shown  in  Tig.  4,  The  results  are  consistent  with  known  rod  penetration  behavior.  The  first  is  that  in 
the  three  examples,  rixi  penetrations  approach  the  hydrodynamic  limit  at  high  striking  velocity.  .Secondly,  a  critical 
impact  velocity  must  be  reached  before  any  penetration  is  realized-  Thirdly,  high  penetrator  strength  can  produce 
penetration  depths  which  exceed  hydrtHlynamic  expectations.  These  itcciir  primarily  m  a  mid-velocity  range  of 
l,.s()()  to  ,4,()()()  m/s.  Tinallv,  characteristic  .S-shaped  curves  result  when  calculations  are  presented  as  P/L  versus 
striking  veltK'ity.  The  shape  is  not  due  to  Tq.  (.^7)  since  it  provides  a  nearly  linear  dependence  of  u„  on  v,_. 

(dmpansons  are  matie  between  present  calculations,  CTH  results  and  the  Tate  mixiel.  The  latter  are  taken  from 
the  work  of  .Amlerson  ci  al.  ( Idd2).  Of  interest  is  a  tungsten  alloy  penetrator  (/„  =  .^1.6  mm)  impacting  a  steel 
target.  Impact  velocity  was  l.-SIK)  m/s.  Material  strengths  used  in  the  current  calculations  are  those  used  in  the 
ahme  work  and  are  given  in  Table  2.  Results  for  three  computational  methtxis  are  provided  in  Tig.  5.  For  the 
Tate  mixlel.  target  resistance  was  adjusted  to  a  value  of  GPa  so  that  results  agreed  with  ('TH  at  the  point 
LI  -  0.  T'or  the  present  eLpiations,  strength  values  given  in  Table  2  were  used  without  lurther  adjustment.  Also. 
Ui,  was  tLiken  to  be  765  m/s  as  obtained  from  CTH  (Anderson  el  al..  1W2). 


l»l  l,*lb:Sp«S,.Pp  =  P, 

IKI  l,*lbiSp  =  SfPp==/"t 
Id  i,“ib:Sp-s,.Pp=P, 

0 

I  erosion  rate  as  functions  of  rixl  length. 


Tig  f  Penetration  velocitv.  rixl  xelixitv  a 
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Table!.  Mawrial  Propenies  Table  2.  Maieriai  Piopenies  for  uU) 

Used  in  Examples  1-3  Calculations 


Example 

(GI?a) 

s. 

(GPa) 

Material 

Density 

(g/cm-^) 

Strength 

(GPa) 

1 

0.8 

1.1 

Tungsten  Alloy 

17.2 

1.51 

2 

0.8 

0.8 

S-7  Steel 

7.84 

1.26 

3 

1.8 

0.8 

Fig.  4.  Calculated  P/L  curves  for  three  conditions  of  impact  versus  striking  velocity. 

A  most  important  comptirison  is  that  of  u  =  u(t)  since  it  is  a  basis  for  penetration.  In  this  regard,  the  good 
agreement  with  CTH  results  is  an  important  test  of  Eqs.  (2)  and  (16).  On  the  other  hand,  comparisons  of  penetrator 
veltKity  differ  .somewhat.  This  could  result  from  approximations  in  the  general  formulation  or  differences  between 
rtKl  bexly  and  rtxl  tail  veltK'ities  due  to  velocity  gradients  along  the  rod  length. 


COMPARISONS  WITH  EXPERIMENTAL  DATA 

The  present  equations  were  used  to  predict  unertxled  rod  lengths  and  penetration  depths  for  long  rod  penetrators 
(//d  >  10)  impacting  .semi-infinite  targets.  Data  from  Anderson  et  al.  (1992)  are  examined  since  expenmental  shots 
were  conducted  to  compare  with  CTH  calculations.  For  the  problem  shown  in  Fig.  5..  CTH  gave  25.1  mm, 
Eq.  (25)  gave  23.2  mm  while  the  experimental  penetration  depth  was  22.6  mm.  The  good  agreement  suggests  an 
integrated  accuracy  of  Eq.  (25)  despite  approximations  in  the  general  procedure. 


Fig.  5.  Penetration,  erosion  and  rtxi  velocities  versus  time  as  calculated  by  CTH, 
Tate  model  and  current  eutiations. 
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Data  I'or  tungsten  alloy  and  steel  rtxls  striking  steel  targets  over  a  wide  range  of  striking  velocities  have  been 
reported  by  Tate  ( 1967,  1969),  Tate  (1978),  Hohler  and  Stilp  (1984),  Silsby  (1984)  and  Zxxrk  et  al.  (1992).  The 
last  citeri  work  also  provides  iinertxled  rod  lengths  for  tungsten  penetrators  versus  RHA  at  low  striking  velocities. 
Calculations  corresponding  to  experimental  results  used  material  properties  presented  in  Table  .T 

Table  Material  Properties  Used  in  Predicting  Penetration  Versus 
Striking  Vel(x;ity 


Material 

Density 

(g/cm^) 

Strength 

(GPa) 

Co 

(m/s) 

WA  Rod 

17.3 

1.51 

_ 

Steel  Target 

7.84 

1.3 

5,170 

Steel  R(k1 

7.85 

1.2 

_ _ 

Steel  Target 

7.85 

1.3 

5,170 

Pig.  6.  Uneroded  rixl  length  versus  striking  veltKity. 


Fig.  7.  Comparison  of  predicted  and  experimental  penetration  results  on  the  basis 
of  P/I,  versus  striking  veltx'iiy. 
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G(XHi  agreement  between  predicted  unertxled  rod  length  and  the  data  is  shown  in  Fig.  6.  The  agreement  is  a  test 
of  Eqs.  ( 1 ).  (7)  and  (28)  under  two  ver>’  different  conditions.  The  first  is  where  impact  is  below  v^,,  (3H7  m/s)  and 
only  pcnetrator  erosion  is  involved  (u=()),  while  the  second  relates  to  flow  above  where  both  penetrator  and 
target  undergo  erosion  (u>0). 

Theoretical  results  are  compared  to  data  on  the  basis  of  P/L  versus  striking  veltKity  in  Fig.  7.  Good  agreement 
can  be  seen  over  much  of  the  data  range,  particularly  at  the  onset  of  penetration,  over  the  region  of  rapid  increase 
in  penetration  depth  at  low  veltKity  and  throughout  the  intennediate  velocity  range  (linear  region).  In  the  high 
velocity  range,  the  theory  predicts  expected  asymptotic  behavior,  although  data  in  this  range  is  somewhat  higher. 
The  theory  suggests  that  such  additional  penetration  is  not  due  to  rigid  body  penetration  since  in  these 
calculations  and  only  small  rod  lengths  are  expected  at  the  end  of  the  erosion  phase.  General  agreement  at  the  high 
end  of  the  striking  veltK'ity  range  is  expected  since  the  equations  correspond  to  hydrodynamic  theory  of  penetration 
there.  Also,  agreement  at  the  lowest  possible  impact  velocity  was  expected  since  that  point  is  given  by  the  critical 
impact  velocity.  The  overall  agreement  sugge.sts  that  the  present  development  takes  into  account  major  material 
strength  intluences  in  the  nonsteady  penetration  pnxtess. 


.SUMMARY  AND  CONCLUSIONS 

As  seen  in  previous  sections,  the  present  development  provides  a  theory  of  nonsteady  penetration  for  long  rods. 
The  theory  differs  from  previous  formulations  in  that  Newton’s  law  is  used  rather  than  Bernoulli's  equation.  The 
formulation  considers  both  rod  and  target  erosion  and  retardation  in  the  penetration  prtxtess.  Material  strengths 
are  included  in  the  force  laws  that  govern  rod  and  target  motion.  The  theory  applies  throughout  the  entire  range 
of  striking  veltK’ity  to  include  hydrodynamic  penetration  at  the  limit  of  very  high  impact  veltK'ity. 

FYom  a  single  formulation,  two  distinct  penetration  possibilities  are  predicted.  The  criteria  depends  on  whether 
or  not  target  erosion  ceases  before  penetrator  erosion  is  complete.  This  depends  on  initial  erosion  rates,  relative 
strengths  and  relative  densities  of  the  rod  and  target.  For  both  cases,  penetration  during  the  target  erosion  phase 
is  given  by  Eq.  (2.'i).  When  rod  erosion  ceases  first,  an  ad  hoc  contribution  due  to  rigid  btxly  penetration  can  be 
included  but  this  lies  outside  the  present  theory.  However,  as  seen  in  Fig.  4.,  application  of  Eq.  (2.1)  indicates  that 
some  penetration  beyond  the  hydrtxlynamic  limit  can  result  from  the  erosion/retardation  prwess  inherent  in  the 
theory  under  certain  strength-density  conditions. 

Final  penetration  depths  and  also  penetration  histories  have  been  calculated  from  the  theory.  On  the  basis  of  a 
single  comparison,  penetration  rates  agree  very  well  with  calculations  obtained  with  the  CTH  hydrtKtxie. 
Theoretical  calculations  for  tungsten  alloy  and  steel  rods  impacting  steel  targets  showed  excellent  agreement  with 
experimental  data  of  penetration  depth  taken  from  several  sources.  Unertxled  rtxl  lengths  as  given  by  the  theory 
agreed  quite  well  with  data  for  impacts  of  tungsten  alloy  rtxls  on  steel  targets. 

Ihe  present  theory  includes  equations  of  motion  (nonsteady)  for  both  penetrator,  giving  v-u.  and  target,  giving  u. 
With  these  erosion  rates,  a  penetration  solution  is  obtained.  In  contrast.  Tate’s  theory  provides  an  equation  of 
motion  only  for  the  penetrator,  giving  v,  while  an  assumed  mtxiified  steady-state  Bernoulli  equation  is  used  to 
detenuine  u  from  v.  These  differences  in  approach  give  rise  to  differences  in  erosion  rates  and  consequently 
differences  in  penetration  formulations,  especially  with  regard  to  dependencies  of  penetration  upon  initial  conditions 
and  material  strengths.  From  cases  examined  in  this  work,  it  appears  that  for  comparable  results,  the  Tate  approach 
requires  target  strength  multiplication  factors  ranging  from  2.  as  in  the  special  case,  to  4. .7,  as  seen  in  the  more 
general  ca.se  of  tungsten  alloy  penetrators  striking  steel  targets.  The  present  theorv'  appears  to  be  accurate  when 
material  strengths  utilized  are  the  ordinary  values  generally  asstxiated  with  dynamic  properties  or  work-hardened 
material  states. 
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ABSTRACT 

This  paper  details  the  steps  taken  to  develop  and  optimize  a  "micro"  two-stage  light-gas  gun  system.  The 
micro  gun  described  in  this  paper  has  a  5.56-millimcter  (mm)  pump  tube  and  a  1 .78-mm  launch  tube.  The 
original  gun  configuration  is  presented,  followed  by  a  description  of  our  analysis  and  revision  of  the  gun 
system.  The  modifications  to  the  micro  gun  system  and  their  effect  on  the  performance  of  the  gun  are 
di.scusscd. 


INTRODUCTION 

An  ever-growing  threat  to  spacecraft  is  the  impact  of  micrometeoroids  and  man-made  orbital  debris.  Within 
2000  kilometers  (km)  of  the  Earth’s  surface,  there  exists  2(X)  kilograms  (kg)  of  meteoroid  mass,  most  of  it 
concentrated  in  0.1 -mm  micrometeoroids.  In  this  same  envelope  around  the  earth,  there  exists  300  kg  of 
orbital  debris  less  than  1  mm  in  diameter.  Although  these  particles  are  small,  they  can  travel  at  velocities 
between  10  and  20  kilometers  per  second  (km/s)  relative  to  orbiting  spacecraft  (Kessler,  et  a/.,  1989).  At 
these  extremely  high  impact  velocities  these  particles  pose  a  very  real  threat  to  spacecraft  and  astronauts. 

The  ability  to  test  advanced  materials  and  shielding  concepts  against  these  threats  is  very  important. 
Simulating  extremely  high  velocity  threats  in  a  laboratory  has  historically  been  done  using  a  two-stage 
light-gas  gun  system.  These  gun  systems  can  produce  velocities  approaching  those  seen  by  micro-particles 
in  space.  However,  the  majority  of  existing  gun  systems  launch  particles  much  larger  than  the  0.1  to  1.0-mm 
particles  mentioned  above. 


BACKGROUND 

To  study  the  impact  effects  of  these  extremely  small  particles.  Southwest  Research  Institute  (SwRI) 
developed  a  "micro"  two-stage  light-gas  gun.  The  development  of  this  gun  was  funded  as  part  of  SwRI’s 
Internal  Research  Program.  In  an  effort  to  minimize  the  cost  of  developing  the  new  gun  system,  a  number 
of  gun  components  were  used  from  an  existing  light-gas  gun  that  had  been  donated  in  the  early  1980’s  to 
SwRI  by  NASA.  The  integration  of  old  parts  into  a  new  design  prevented  optimization  of  the  system  in 
terms  of  fabrication  costs  and  functionality. 

Initial  firings  of  the  gun  system  were  only  marginally  successful.  Launch  velocities  of  no  more  than  5.0  km/s 
were  achieved.  Attempts  to  improve  the  maximum  achievable  projectile  launch  velocity  experimentally 
were  unsuccessful.  It  was  decided  that  a  systematic  approach  had  to  be  taken  to  optimize  performance. 
This  approach  began  with  the  examination  of  the  gun  performance  using  a  two-stage  light-gas  gun  computer 
code.  Experimental  procedures  were  also  examined  to  determine  if  changes  were  required.  This  systematic 
examination  of  the  gun  system  resulted  in  a  number  of  changes  to  both  the  gun  firing  procedures  and  the 
configuration  of  the  gun. 
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ORIGINAL  GUN  CONFIGURATION 

A  schematic  of  the  original  gun  configuration  is  given  in  Fig.  1 .  The  breech  was  designed  for  an  1 1 .63-mm 
(0.458  inch)  standard  rifle  case  (Tullos,  et  o!.,  1990).  A  mechanically  operated  firing  pin  impacted  a 
percussion  primer  that  initiated  the  burning  of  a  smokeless  propellant  in  the  case. 


Fig.  1.  Original  Gun  Configuration. 


The  pump  lube  had  a  bore  diameter  of  5.56  mm  (0.22  inch)  and  a  length  of  71 1  mm  (28.0  inches).  The 
launch  tube  had  a  bore  of  1.78  mm  (0.070  inch)  and  a  length  of  376  mm  (14.8  inches).  Between  the  pump 
and  launch  tubes  was  the  accelerated  reservoir  (AR)  section,  whose  total  length  was  50.8  mm  (2.0  inches). 
Flanges,  which  threaded  onto  the  pump  tube  and  launch  tube,  clamped  the  AR  section  in  place. 

The  launch  tube  was  interfaced  with  a  flight  tube  with  a  total  length  of  1.2  meters.  A  15  by  15  by  30  cm 
rectangular  target  chamber  was  located  at  the  end  of  the  flight  tube.  The  overall  length  of  the  gun  system 
was  2.6  meters. 


ORIGINAL  GUN  PERFORMANCE 

The  performance  of  the  gun  system  in  its  original  condition  was  inadequate.  The  maximum  velocity  achieved 
with  the  original  configuration  was  5.0  km/s.  The  gun  displayed  signs  of  excessive  wear  in  the  areas  of 
the  breech,  pump  tube,  and  AR  section.  The  wear  in  the  pump  tube  resulted  in  an  extremely  rough  and 
expanded  inner  diameter  near  the  breech  end  of  the  lube.  Inner  diameter  enlargement  and  cracks  developed 
in  the  bore  of  the  AR  section.  The  remainder  of  this  section  describes  some  of  the  gun  system  problems 
that  were  addressed. 

It  was  determined  that  gas  leakage  was  occurring  at  the  interface  of  the  AR  section  and  the  launch  tube. 
This  interface  is  also  the  location  of  a  rupture  disk.  The  leak  of  pressure  outside  the  gun  system  could  be 
heard  during  each  test  as  a  loud  "pop."  It  could  also  be  detected  by  visual  inspection  of  the  rupture  disk 
after  a  test.  This  pressure  release  was  occurring  at  the  location  in  the  gun  system  where  the  high  pressure 
hydrogen  gas  begins  acting  on  the  projectile.  Any  pressure  loss  in  this  area  reduces  the  efficiency  of  the 
gun. 

Several  components  of  the  original  gun  design  contributed  to  the  lack  of  performance.  The  most  obvious 
problem  involved  the  launch  tube  arrangement.  The  launch  tube  for  the  original  gun  consisted  of  a  piece 
of  stainless  steal  tubing  that  formed  the  actual  bore  of  the  gun.  The  tubing  had  an  inner  diameter  of  1 .78  mm 
and  a  wall  thickness  of  2.29  mm.  This  tubing,  which  was  meant  to  be  replaced  after  each  test,  was  inserted 
inside  a  thick-walled  tube  for  support.  The  intent  of  the  design  was  to  permit  interior  ballistics  parameters 
to  be  pushed  to  extremes,  resulting  in  plastic  deformation  of  the  launch  tube.  The  deformed  lube  could 
then  be  replaced,  but  the  more  expensive  outer  shell  remained  undamaged.  In  practice,  deformation  of  the 
outside  diameter  of  the  steel  tubing  insert  made  it  difficult,  and  in  some  cases  impossible,  to  remove  the 
inner  lube. 
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Another  problem  with  the  system  was  the  short  length  of  the  flight  tube  (1.2  meters).  In  the  micro  gun 
system,  the  flight  range  (launch  tube,  flight  tube,  and  target  chamber)  is  evacuated  to  achieve  higher 
velocities  and  to  avoid  atmospheric  ablation  of  the  projectile.  However,  when  launching  saboted  spheres, 
some  amount  of  atmosphere  is  required  in  the  llighl  range  to  achieve  aerodynamic  separation  of  the  sabot 
from  the  projectile.  A  large  amount  of  atmosphere  was  required  in  the  range  to  open  the  sabot  halves  in 
such  a  short  distance.  This  excessive  amount  of  atmosphere  reduced  the  accuracy  and  the  maximum  velocity 
achievable  with  saboted  projectiles. 

The  usefulness  of  the  overall  gun  system  was  further  limited  by  the  target  chamber.  The  small  size  of  the 
chamber  greatly  limited  the  size  and  configuration  of  targets  that  could  be  tested.  The  small  target  chamber 
also  made  placing  targets,  sabot  stripper  plates,  and  witness  plates  difficult. 


MODIFICATIONS 

A  systematic  anniysis  of  the  gun  system  was  initiated  to  develop  a  better  understanding  of  the  variation  in 
performance  as  a  function  of  design  and  firing  parameters  with  the  expectation  that  we  would  be  able  to 
greatly  improve  its  performance.  The  approach  involved  the  use  of  a  computer  code  designed  to  model 
the  interior  ballistics  of  two-stage  light-gas  guns.  SwRI  obtained  a  code  written  by  A.  C.  Charters  and 
D.  K.  Sangster  for  this  purpose  (Charters,  et  al.,  1973). 

The  first  requirement  when  running  the  code  is  to  accurately  describe  the  g^'mietric  parameters  of  the  gun 
system.  The  size  and  shape  of  the  breech,  pump  tube,  AR  section,  '  launc  .abe  are  required.  Once  the 
gun  .system  is  dimensionally  modelled,  the  parameters  used  to  fire  un  are  entered.  The.se  parameters 
include  the  amount  of  propellant,  the  type  of  propellant,  the  shot-stari ,  ssure,  the  initial  light-gas  pressure, 
the  rupture  disk  relea.se  pressure,  and  the  projectile  size.  The  input  includes  the  equations  of  states  and  the 
physical  properties  of  these  items.  The  program  then  utilizes  the  information  to  perform  a  one-dimensional 
analysis  of  the  interior  ballistics.  Theoutput  provided  by  the  code  includes  projectile  launch  velocity,  piston 
velocities  at  various  user-defined  locations,  maximum  projectile  acceleration,  maximum  breech  and  base 
pressures  and  temperatures,  and  other  information  u,seful  in  the  evaluation  of  the  gun  system. 

An  immediate  difficulty  aro.se  in  defining  the  gun  system.  The  propellant  is  analyzed  using  a  burn  rate 
equation  of  the  form  ^  =  -PF“,  where  a  and  P  arc  two  coefficients  that  vary  with  propellant  composition 

and  geometry.  Unfortunately,  these  coefficients  arc  not  readily  available  for  most  powders  and  must  be 
determined  experimentally.  The  first  coefficient,  P,  is  the  linear  burn  rate  of  the  propellant  and  the  second, 
a,  is  the  exponent  on  the  pressure  term  of  the  burn  rate  equation. 

The  accuracy  of  these  two  coefficients  can  be  important  when  using  the  code  to  estimate  real  gun 
performance.  The  significance  of  these  coefficients  to  the  overall  performance  depends  on  a  combination 
of  gun  geometry  and  test  conditions.  It  is  possible  to  compute  approximately  the  same  final  veUxity  using 
a  number  of  burn  coefficients.  Likewise,  it  is  possible  to  compute  approximately  the  same  peak  pressure 
in  the  breech  for  a  number  of  coefficient  combinations.  It  appears  that  for  small  powder  charges  (relative 
to  full  chamber  volume)  these  coefficients  do  not  have  to  be  very  precise.  This  is  because  the  pressures  in 
the  chamber  remain  relatively  low,  minimizing  the  effect  of  the  exponent  term.  The  linear  coefficient  is 
fairly  consistent  for  a  large  number  of  powders,  and  the  code  calculations  arc  not  very  sensitive  to  small 
changes  in  the  coefficient. 

In  order  to  estimate  the  two  burn  rate  coefficients  without  undertaking  a  scries  of  burn  rate  tests,  the  gun 
code  option  of  analyzing  a  straight-through,  single-stage  gun  system  was  utilized.  A  0.357-caliber 
(9.07  mm)  rifle  was  modelled  according  to  the  specifications  given  in  a  hand-loading  manual.  This  manual 
gave  launch  velocity  data  using  the  same  propellant  type  used  in  the  micro-gun.  The  two  propellant 
coefficients  were  estimated  by  comparing  calculated  velocities  from  the  gun  code  with  tabulated 
experimental  data  in  the  hand-loading  manual. 

The  code  was  now  ready  to  simulate  the  performance  of  the  micro-gun.  However,  the  only  parameter  that 
could  be  checked  against  the  many  outputs  of  the  code  was  the  projectile  launch  vekxity.  With  the  large 
number  of  variables  used  in  the  code,  it  is  possible  that  the  projectile  velocity  obtained  experimentally  could 
be  the  same  as  the  code  prediction,  while  other  output  parameters  that  may  be  important  are  incorrect.  For 
example,  the  same  final  projectile  velocity  can  be  achieved  with  a  wide  range  of  peak  accelerations  on  the 
projectile.  This  is  important  since  the  peak  acceleration  was  used  as  a  relative  performance  guide  during 
part  of  our  study.  Results  of  the  peak  acceleration  analysis  are  di.scussed  later. 
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A  solution  to  this  problem  would  be  to  obtain  an  additional  experimentally  measured  quantity  to  cheek 
against  the  code  predictions  and  increase  confidence  levels.  Since  the  travel  of  the  piston  is  very  critical 
to  the  overall  performance  of  the  gun,  we  decided  this  would  be  a  good  second  quantity  to  measure 
experimentally.  However,  because  a  smooth,  undisturbed  piston  motion  is  desirable,  the  use  of  break  or 
make  wires  to  measure  piston  velocity  was  not  considered  an  option.  Also,  the  addition  of  ports  for  lasers 
or  other  optical  measuring  methods  would  create  a  disturbance  in  the  pump  tube  bore  that  might  affect  the 
piston  motion.  Therefore,  in  order  to  measure  the  piston  velocity  w  ithout  disturbing  the  piston,  strain  gauges 
were  placed  at  three  locations  along  the  outside  of  the  pump  tube  length.  The  high  breech  pressures  that 
act  on  the  base  of  the  pi.ston  create  a  slight  elastic  deformation  in  the  pump  tube.  This  slight  deformation 
is  detected  by  the  strain  gauge  as  the  piston  passes  each  location.  The  peak  strain  expected  was  on  the  order 
of  30  micro-strain.  Therefore,  two  single-axis  strain  gauges  were  placed  at  each  station  and  configured  to 
obtain  the  additive  output  of  both  gauges  in  order  to  increase  the  signal-to-noise  ratio.  The  analog  output 
from  the  gauges  is  recorded  on  a  tape  recorder  and  reviewed  on  a  Hewlett  Packard  Model  54501 A 
Oscilloscope.  The  piston  velocity  is  calculated  using  the  times  between  traces  and  distances  between  gauges. 
This  provided  a  second  value  that  could  be  compared  to  the  output  of  the  gun  code  to  determine  if  the  code 
was  indeed  accurately  estimating  the  performance  of  the  gun. 

Once  the  gun  was  being  modelled  correctly  and  the  code  was  accurately  estimating  its  performance,  various 
parameters  were  modified  to  determine  their  effects.  The  main  goal  of  this  procedure  was  to  increase  the 
achievable  launch  velocity.  This  procedure  and  the  use  of  the  gun  code  proved  invaluable  to  the  optimization 
of  the  gun. 

The  first  items  modified  in  the  gun  model  were  the  size  of  the  breech  and  the  amount  of  propellant  used. 
These  changes  were  based  on  an  assumption  that  there  was  too  much  ullage,  or  void  space,  in  the  breech. 
The  volume  of  the  ullage  in  the  breech  was  approximately  three  times  the  volume  taken  up  by  the  propellant. 
Ba.scd  on  the  code  calculation. .  this  ullage  was  reducing  performance  substantially .  The  code  also  suggested 
that  if  a  smaller  breech  volume  was  utilized,  much  less  powder  could  be  used  to  produce  the  same  results. 

Ba.sed  on  these  findings,  the  0.458-caliber  ( 1 1 .63  mm)  breech  was  replaced  with  a  .22-250-caliber  (5.59  mm) 
firing  action.  This  breech  is  approximately  1/5  the  volume  of  the  previous  one.  The  propellant  mass  was 
reduced  from  40  grains  (2.60  g)  to  about  10  grains  (0.65  g).  After  this  change  was  made,  the  pump  tube 
and  AR  section  no  longer  sustained  the  high  amount  of  erosion  seen  previously.  Another  benefit  of  the 
reduced  propellant  mass  was  a  reduction  in  the  amount  of  cleaning  required  between  tests. 

In  addition  to  these  changes,  the  mass  of  the  piston  was  reduced  from  over  one  gram  to  0.4  grams.  The 
lower  piston  mass  reduced  its  kinetic  energy,  thus  reducing  the  amount  of  wear  in  the  AR  section.  Also, 
the  smaller  pistons  are  easier  to  make  and  easier  to  extract  from  the  AR  section  after  a  test. 

The  code  also  suggested  that  the  initial  hydrogen  pressure  should  be  lowered  from  150  pounds  per  .square 
inch  (psi)(  1.030  MPa)to  120psi(0.827  MPa).  Once  this  final  change  was  made,  pcrformtince  was  increased 
substantially.  The  initial  test  performed  after  these  modifications  achieved  a  launch  velocity  of  6.2  km/s, 
over  a  thousand  meters  per  .second  faster  than  the  previous  maximum  velocity.  This  value  was  improved 
upon  even  more  by  several  iterations  between  the  computer  code  and  experiments. 


TESTING  IMPROVEMENTS 

In  order  to  further  improve  the  performance  of  the  gun,  design  and  assembly  procedure  changes  were  made 
to  some  of  the  gun  components.  The  problem  that  had  the  most  adverse  affect  on  the  performance  of  the 
gun  was  the  blow-by  at  the  AR  section  interface  with  the  launch  tube.  A  possible  source  of  this  problem 
was  tbe  manner  in  which  the  AR  section  was  held  in  place  between  the  pump  and  launch  tubes  (see  Fig.  2). 
The  distance  between  centers  of  the  1/4  inch  (6.35  mm)  bolts  is  I  l.l  cm.  If  these  bolts  were  not  strong 
enough  or  if  the  spacing  was  too  large,  this  configuration  could  possibly  yield  elastically  under  the  high 
pressure  loading  produced  as  the  piston  comes  to  rest  in  the  AR  section.  This  yielding  would  allow  some 
of  the  high  pressure  gas  to  escape  the  system. 

To  eliminate  this  blow-by  the  flange  connection  was  modified  (see  Fig.  3).  The  size  of  four  bolts  was 
increa.sed  from  1/4-incb  (6.35  mm)  to  l/2-inch  (12.70  mm)  diameter.  The  distance  between  centers  of  the 
bolt  pattern  was  decreased  to  6.9  cm  to  help  prevent  any  bending  of  the  flanges.  These  changes  increased 
the  clamping  prcs.surc  on  the  AR  section.  To  insure  consistency  and  proper  clamping  pressure,  the  bolts 
were  lorqucd  to  a  .specified  value  before  each  Ic.st.  AI.so,  to  avoid  the  need  of  working  with  nuts  and  an 
additional  wrench,  one  of  the  flanges  was  threaded.  The.se  nu)dificatit)ns  resulted  in  an  increase  in 
performance.  The  loud  "pop"  associated  with  blow-by  no  longer  occurred  and  launch  velocities  increased. 
The  ease  and  consistency  of  the  clamping  procedure  also  increased. 
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Fig.  2.  Original  Accelerated  Reservoir  (AR)  Section  Connection. 
(From  left  to  right:  Pump  Tube,  Clamped  AR  Section,  Launch  Tube) 


Fig.  3.  Modified  Accelerated  Reservoir  (AR)  Section  Connection. 
(From  left  to  right:  Pump  Tube,  Clamped  AR  Section,  Launch  Tube) 
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To  ease  ihe  insertion  and  extraction  of  the  expendable  launch  tube,  the  outer  support  tube  design  was 
chaTiged.  The  thick-walled  support  tube  was  replaced  with  a  two-piece,  clam-shell  arrangement  (see  Fig.  4). 
This  piece  supports  the  expendable  tube  in  the  same  manner  as  the  outer  tube  did;  however,  the  clam  shell 
can  be  taken  apart,  which  makes  the  placement  and  removal  of  the  inner  tube  extremely  easy. 


Fig.  4.  Original  and  Modified  Launch  Tubes. 


To  improve  the  sabot  launching  abilities  of  the  gun  system,  the  flight  tube  length  was  increased  to  slightly 
over  three  meters.  Also,  the  gun  system  was  made  more  versatile  by  increasing  the  target  chamber  size  to 
a  box  with  dimensions  of  30.5  cm  by  30.5  cm  by  61.0  cm.  This  size  target  chamber  allows  the  testing  of 
up  to  a  25  cm  square  target.  The  larger  chamber  also  eases  the  placement  of  targets,  sabot  strippers,  and 
witness  plates. 


SABOT  LAUNCHING  IMPROVEMENTS 

Most  of  the  work  mentioned  above  was  performed  using  nylon,  right-circular  cylinders  as  the  projectile. 
Results  of  some  of  these  tests  are  shown  in  Fig.  5,  which  compares  penetration  depth  (corrected  for  projectile 
mass)  versus  launch  velocity.  This  work  led  to  a  gun  system  that  was  capable  of  launching  nylon  cylinders 
with  masses  between  3.0  and  4.5  mg  at  velocities  of  7.5  to  9.5  km/s.  However,  it  is  often  important  to 
observe  the  hypervelocity  impact  effects  of  various  materials,  such  as  aluminum. 

Launching  such  a  material  requires  the  use  of  a  sabot.  The  sabot  we  use  with  the  micro  gun  is  a  two-piece, 
lexan  sabot  (see  Fig.  6).  The  outer  diameter  of  the  sabot  is  machined  to  fit  the  bore  of  the  gun.  A  "pocket" 
is  machined  into  the  sabot  to  hold  the  projectile  as  it  travels  down  the  gun  barrel.  The  leading  edge  is 
machined  so  that  as  the  .sabot  interacts  with  the  air  in  the  flight  chamber,  the  two  halves  will  be  stripped 
away  from  the  projectile.  This  is  a  typical  sabot  configuration  for  use  in  light-gas  guns  (Berggren,  et  al., 
1970). 

The  same  gun  parameters  used  to  launch  the  nylon,  right-circular  cylinders  to  velocities  above  9  km/s  were 
used  to  launch  saboted  aluminum  spheres.  The  saboted  spheres  did  not  behave  in  the  same  manner  as  the 
nylon  projectiles.  The  three  objects  being  launched  (two  sabot  halves  and  one  aluminum  sphere)  did  not 
fiy  straight  and  often  missed  the  target  area  completely.  Often,  the  target  would  .show  signs  that  the  package 
".shot-gunned,"  or  broke  apart  into  small  pieces. 
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Since  the  nylon  projectiles  had  been  launched  effectively  using  the  current  gun  loading  parameters,  we 
began  looking  at  the  quality  of  the  sabot  as  a  cause  of  the  inconsistent  launches.  li*  order  to  increase  this 
satot  quality,  the  rotational  speed  of  the  lathe  used  to  fabricate  them  was  examined.  Increasing  the  rotational 
speed  of  the  lathe  increases  the  relative  cutting  tool-to-matcrial  surface  speed,  which  is  extremely  critical 
when  machining  plastics. 
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Fig.  5.  Penetration  Depth  vs.  Velocity  (Corrected  by  Projectile  Mass). 


Fig.  6.  Typical  Sabot  Configuration. 
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The  minimum  recommended  surface  speed  for  machining  plastics  is  183  meters  per  minute.  This  value  is 
difficult  to  obtain  when  the  diameter  of  the  .sabot  is  only  1.78  mm.  This  diameter  produces  a  revolution 
rate  of  5.59  mm  per  revolution  (mm/rev),  which  results  in  a  required  lathe  rotational  speed  of  almost  33,000 
revolutions  per  minute  (rpm). 

To  maximize  the  rotational  speed  of  the  lathe,  a  speed  doubler  kit  was  purchased.  This  device  increased 
the  rotational  speed  of  the  lathe  to  3000  rpm.  Although  this  speed  is  an  order  of  magnitude  less  than  the 
recommended  value,  the  quality  of  the  sabot  increased  as  did  its  launch  performance. 

Although  the  increase  in  sabot  quality  improved  its  performance,  sabot  launches  were  still  not  optimal.  It 
was  decided  that  the  three-piece  sabot  package  could  not  be  accelerated  as  rapidly  as  the  homogeneous 
nylon  cylinder.  Examination  of  the  gun  code  results  revealed  that  the  projectile  is  subjected  to  extremely 
high  values  of  base  pressure  and  acceleration  (Chavez,  et  ul.,  1991).  The  high  accelerations  seen  by  the 
projectile  arc  due  to  its  low  mass  and  extremely  high  final  velocity.  Figure  7  compares  constant  accelerations 
(the  lowest  possible)  versus  accelerations  predicted  by  the  gun  code  at  various  launch  velocities.  The  figure 
demonstrates  that  as  the  velocity  increases,  the  acceleration  forces  seen  by  the  projectile  increase 
dramatically. 


IDEAL  AND  GUN  CODE  PREDICTED  ACCELERATIONS 
vs  PROJECTILE  VELOCITY 


Projectile  Velocity  (km/s) 


Fig.  7.  Ideal  and  Actual  Accelerations  vs.  Projectile  Velocity. 


It  appeared  the  two-piece  sabot  was  failing  due  to  these  high  loads.  Therefore,  the  gun  code  was  utilized 
to  reduce  the  load  on  the  projectile  while  maintaining  the  high  launch  velocities.  Interpretation  of  the  code 
results  led  to  changes  in  the  initial  hydrogen  pressure,  propellant  mass,  and  piston  mass  These  changes, 
coupled  with  the  improved  sabot  machining,  produced  sul  lantially  improved  sabot  launches.  The  pattern 
produced  on  the  target  was  typical  of  sabot  launches;  two  sabot  hu'.ve  impacts  radially  separated  from  the 
projectile  impact. 

The  amount  of  sabot  separation  depends  on  the  amount  of  atmosphere  in  the  flight  chamber.  Figure  8  shows 
the  spacing  between  sabot  halves  at  various  values  of  llight  chamber  pressure.  The  figure  shows  that  only 
slight  changes  in  the  pressure  produces  large  changes  in  the  amount  of  sabot  separation.  Based  on  this 
matrix  of  tests,  a  value  of  15  torr  became  the  llight  chamber  pressure  for  saboted  launches. 

The  maximum  achievable  velocity  using  .saboted  spheres  is  less  than  the  maximum  velocity  achieved  using 
nylon  cylinders.  However,  SwRI  is  continuing  attempts  to  push  the  parameters  of  the  micro  gun  to  achieve 
ever  higher  velocities.  Additional  use  of  the  gun  code  along  with  experimentation  should  lead  to  higher 
velocities  using  saboted  spheres. 
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Fig.  8.  Sabot  Separation  vs.  Flight  Chamber  Pressure. 


CONCLUSION 

A  systematic  approach  to  the  examination  of  the  performance  of  the  gun  and  the  use  of  the  computer  code 
proved  invaluable  to  ihe  optimization  of  the  micro  gun  sy.stcm.  The  gun  system  was  closely  examined  to 
determine  which  components  and  firing  procedures  required  change.  The  code  suggested  a  number  of 
changes  in  both  the  gun  configuration  and  loading  parameters.  These  changes  led  to  a  gun  that  can 
consi.stcnlly  launch  1  mm  or  smaller  aluminum  spheres  (with  masses  between  0.3  to  0.9  mg)  above  7.5  km/s 
and  nylon,  right-circular  cylinders  (with  masses  around  3.0  mg)  above  9.0  km/s  (see  Fig.  9).  Complex  gun 
systems  such  as  our  micro  gun  or  larger  two-stage  gas  guns  should  be  optimized  with  a  combination  of 
experimental  and  analytical/numerical  procedures.  The  benefits  of  using  a  combined  approach  include 
greater  understanding  of  the  operation  and  limitations  of  the  system. 


Fig.  9.  View  of  Modified  Gun  System.  (From  left  to  right;  Firing  Action.  Pump  Tube,  AR  Section. 
Launch  Tube,  Start  of  Flight  Tube) 
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ABSTRACT 

The  perforation  process  of  steel  plates  at  normal  impact  by  cylindrical  steel  fragments  together  with  the  debris 
cloud  expansion  have  been  studied  in  the  velocity  range  2-3  km/s.  The  fragments  have  a  length-to-diameter 
ratio  of  1.035  and  a  mass  of  51g.  Fragment  and  target  materials  are  9SMn28  and  C45,  respectively.  Two  plate 
thicknesses  of  20  and  30  mm  have  been  tested.  These  thicknesses  are  in  the  order  of  the  penetration  depth  in 
the  semi-infinite  target.  In  addition  the  cratering  in  the  semi-infinite  target  has  been  investigated.  The  crater 
dimensions  on  the  target  front  side  are  comparable  for  both,  the  plate  targets  and  the  semi-infinite  targets.  The 
degree  of  fragmentation  in  the  debris  cloud  increases  with  velocity  and  is  smaller  in  case  of  the  30  mm  target. 
The  ratio  of  longitudinal  to  lateral  dimensions  of  the  debris  clouds  is  independent  of  the  target  thickness,  but 
dependent  on  the  distance  from  the  plate  rear  side.  This  ratio  increases  with  distance  and  converges  at  larger 
distances  versus  nearly  hemispherical  expansion.  A  further  goal  of  this  paper  is  the  application  of  a 
Lagrangian  code  to  the  numerical  simulation  of  the  impact  process  in  the  semi-infinite  target.  For  this  purpose 
the  LS-DYNA2D  code  with  a  new  erosion  option  has  been  used.  Material  input  data  are  the  static  material 
properties  as  well  as  shock  wave  data  determined  from  planar  impact  tests  for  the  steels  used  here. 
LS-DYNA2D  with  its  new  erosion  option  can  predict  in  a  good  agreement  the  particle  velocity  history  of  the 
planar  impact  tests  and  the  crater  shapes  in  the  semi-infinite  target. 
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NOTATION 

lateral  dimension  of  debris  cloud 
bulk  sound  speed 
longitudinal  sound  speed 


damage  diameter  of  craters 
s.  Figs.  8  and  12 


damage  diameters  on 
witness  plate  s.  Fig.  13 
fragment  mass 
crater  depth 
plastic  (index) 
spallation  (index) 
time 

true  (index) 
plate  thickness 
particle  velocity 
impact  velocity 
residual  debris  cloud  velocity 
debris  cloud  distance  from  plate 
elongation  at  fracture 
fragment  diameter 


E  Young  modulus 

G  shear  modulus 

HEL  Hugoniot  elastic  limit 

HV20  Vickers  hardness 

L  fragment  length 

R^l  lower  yield  strength 

ReH  upper  yield  strength 

RpO.2  f'o"'  stress  at  0.2  %  strain 

Rn,  ultimate  tensile  strength 

S  slope  of  U-u-relation 

U  shock  velocity 

Vj  crater  volume 

Vp  fragment  volume 

a  tilt  angle 

e  Strain 

(g)  elastic  strain 

tpi  plastic  strain 

«pi  f  effective  plastic  strain  at  failure 

p  material  density 

t  Poisson  ratio 

a  stress 

(To  uniaxial  yield  strength 

Fq  Griineisen  parameter 
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INTRODUCTION 

In  case  of  hypervelocity  impact  of  spheres,  cubes  or  short  cylinder  fragments  against  thin  shields,  a  debris 
cloud  of  nearly  spherical  geometry  is  formed.  A  model  exists  (Swift  et  al..  1970)  that  describes  this  cloud  as  a 
symmetrically  expanding  sphere  and  all  material  is  assumed  to  be  concentrated  at  its  surface.  Experiments  done 
by  Piekutowski  (1990)  show,  that  mainly  the  fragment  material  distribution  in  the  debris  cloud  can  differ  from 
this  model  and  special  material  distribution  patterns  are  observed  for  different  fragment  geometries.  At  lower 
velocities  the  fragmentation  in  the  cloud  decreases  and  the  material  patterns  disappear  (Dickinson  et  al.,  1987; 
Finnegan  et  al.,  1990)).  This  paper  deals  with  the  geometrical  features  of  the  debris  cloud  expansion  behind 
"thick  steel  shields",  impacted  normally  and  flat  on  by  cylindrical  steel  fragments  in  the  velocity  range  of  2  to 
3  km/s.  The  fragment  material  is  9SMn28.  the  target  material  C45.  The  fragments  have  dimensions  of  L  = 
20.7  mm  and  D  =  20  mm.  Thick  shield  targets  with  tpL/D-values  of  1  and  1.5  are  considered  as  plate 
thicknesses,  which  are  in  the  order  of  the  penetration  depth  p  in  the  semi-infinite  target.  In  addition  the 
cratering  in  the  semi-infinite  C45  target  has  been  investigated  and  compared  with  the  damage  on  the  perforated 
target  plates.  A  further  topic  of  this  paper  is  the  numerical  simulation  of  the  cratering  in  the  semi-infinite  target 
by  the  Lagrangian  code  LS-DYNA2D.  In  the  past  simulation  of  h^pcrvelocity  impact  by  Lagrangian  codes 
often  failed.  The  new  erosion  option  makes  such  a  simulation  possible  for  the  Lagrangian  code  LS-DYNA2D 
(Hallquist,  1990,  1991;  Sewell  et  al..  1990).  Static  material  properties  and  the  dynamic  behaviour  under  planar 
shock  loading  measured  with  a  VISAR  for  both  the  fragment  and  target  material  serve  as  input  data  for  the 
numerical  simulation  of  the  cratering.  As  a  test  for  the  code  the  particle  velocity  history  also  has  been 
simulated. 


STATIC  AND  DYNAMIC  MATERIAL  DESCRIPTION 

In  order  to  describe  the  penetration  behaviour  by  means  of  the  LS-DYNA2D  code,  static  as  well  as  dynamic 
material  properties  of  both  target  and  projectile  material  have  to  be  determined. 


Static  Material  Properties 

Uniaxial  tension  tests  have  been  performed  at  quasi-static  strain  rates.  The  test  rods  were  made  according  to 
the  standard  DIN  50125  type  A  10  x  50  with  smooth  cylindrical  heads  or  type  B  10  x  50  with  threaded  heads. 
A  double  strain  gauge  with  two  crossed  90''-elements  served  to  measure  the  transverse  and  axial  strain  in  the 
elastic  regime.  The  true  stress-strain  curve  was  determined  by  measurements  of  the  actual  diameter  in  the  neck 
of  the  probe  and  the  radius  of  curvature  of  the  neck.  For  this  purpose  photographs  of  the  plastically  deforming 
specimen  were  taken.  The  mechanical  data  are  listed  in  Table  1. 

Table  1 .  Measured  mechanical  data  of  the  tested  steels 


C45-para. 

C45-perp. 

9SMn28 

Re  l/ MPa 

383 

360 

ReH/MPa 

421 

375 

- 

Rp0.2^MPa 
r' /MPa 

- 

- 

526 

673 

667 

552 

As/% 

.33.5 

19.5 

10.7 

E/GPa 

208 

- 

209 

G/GPa 

80.7 

- 

81.3 

HV  20 

0.288 

190 

0.285 

185 

While  the  steel  quality  9SMn28  was  cold  drawn  and  specimens  were  only  loaded  in  the  direction  of  drawing, 
the  probes  of  the  steel  C  45  were  made  out  of  rolled  plate  material.  Therefore,  specimens  of  C45  with  the  load 
axis  parallel  as  well  as  perpendicular  to  the  direction  of  rolling  were  examined. 

The  true  stress-strain  data  are  fitted  very  well  by  the  Liidwik  equation 

(7„=K,.-€Vr.  (1) 

with  Kl  =  1077  MPa  and  n  =  0.1785  for  C45  and  with  K|  =  641  MPa  and  n  =  0.04383  for  9SMn28, 
respectively. 


Dynamic  Material  Properties 

The  dynamic  properties  of  the  two  steel  qualities  have  been  determined  by  planar  plate  impact  technique  in 
connection  with  a  velocity  interferometer  VISAR  (Barker  and  Hollenbach.  1965).  The  steel  samples  have  been 
mounted  in  a  precisely  adjustable  sample  holder  (Fig.  1).  The  tilt  angle  n  between  projectile  and  target  plate 
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has  been  measured  in  previous  tests  to  be  a  <  1.5  mrad.  The  target  and  projectile  plate  were  always  made  of 
the  same  material.  The  time  resolution  of  the  VISAR  is  2  ns.  Due  to  elastic-plastic  material  response  to  shock 
loading,  this  shock  wave  is  split  into  an  elastic  part,  propagating  with  the  longitudinal  sound  velocity  C|  and  a 
plastic  part  propagating  with  the  shock  velocity  U.  The  waves  are  reflected  at  the  free  surfaces  of  target  and  of 
projectile  as  release  waves.  Superposition  of  the  waves  inside  the  targets  results  in  tension  stress  causing 
spallation.  The  free  surface  motion  of  the  target  is  recorded  by  the  VISAR.  Figure  2  shows  examples  of 
velocity  history  curves  for  the  material  C45.  All  curves  exhibit  the  velocity  increase  due  to  the  elastic 
precursor  followed  by  the  steep  velocity  increase  caused  by  the  plastic  wave.  After  about  3  /is  the  spall  signal 
is  observed.  From  these  curves  the  Hugoniot  elastic  limit  HEL  has  been  determined  according  to 

«yHEL  =  P  c,  Uhel  (2) 

From  the  velocity  decrease  u^p  of  the  spall  signal  the  spall  strength  of  the  materials  is  calculated  using 

a,p  =  'A  p  C|  Ujp  (3) 

C|,  aHEL  2nd  a^p  are  listed  in  Table  2. 

Table  2.  Longitudinal  sound  velocity  C],  HEL-stress  cthel  2nd  spall  strength  a^p 


C|/m/s  a^EL/CPa  <rsp/GPa 

C45  5828  ±  60  1.81  ±0.12  1.97  ±  0.28 

9SMn28  5818  ±  60  1.4  ±  0.07  1.82  ±  0.08 


Fig.  1.  Schematic  experimental  setup  Fig.  2.  Velocity  history  curves  for  C45-steel 


With  the  known  target  thickness  tp|  and  the  time  intervall  dt  between  the  arrival  of  the  elastic  and  plastic  wave 
at  the  target  rear  surface  the  shock  velocity  U  is  calculated  according  to 

U  =  c,  /  (1  +  c,  dt/tp,)  (4) 

The  maximum  stresses  inside  the  target  plates  have  been  calculated  using 

<^max  =  <'HEL  +  '/l  P  V  (u^jj  -  Uhel)  (5) 

and  the  strains  are  derived  from 

“  2heL  ^  ^2  C|),  fpi  —  (Un,a,j  -  U/^pe)  f  (2  FI),  -  (,,1  ±  fp]  (6) 

Finally  the  strain  rates  are  derived  from 

e  =  (dUp,/dt)  /  2  U  (7) 

with  dup|/dt  the  slope  of  the  velocity  curve  at  its  steepest  part  during  the  plastic  velocity  increase.  Figure  3 
shows  the  U-u-data,  Fig.  4  the  a-f-data  and  finally  Fig.  5  the  a-i-data. 
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Fig.  3.  Shock  velocity  vs  particle  velocity 


Fig.  5.  Stress-strain  rate  diagram 


sabot  witness 

stripper  target  C45  plate  C45 


Xj  two  flash  X  -  ray  tubes  in  stereo 
Xj  three  flash  X-ray  tubes  (s.  Fig.  7) 

Fig.  6.  Test  setup 


For  C45  the  slope  of  the  fitted  curve  in  Fig.  5  is  in  quite  good  agreement  with  the  e  =  a  •  rule  reported 
by  Swegle  and  Grady  (1985)  for  homogeneous  solids.  The  deviation  in  the  case  of  9SMn28  seems  to  be  based 
on  the  more  inhomogeneous  nature  of  this  steel,  that  has  been  observed  during  metallographic  inspection  of  the 
samples  in  recovery  experiments. 


IMPACT  IN  SEMI-INFINITE  AND  SINGLE  PLATE  TARGETS 
Projectile.  Targets  and  Measurement  Technique 

Cylindrical  steel  projectiles  (L  =  20.7  mm,  D  =  20  mm,  material  9SMn28)  have  been  launched  by  a  two 
stage  light  gas  gun  in  the  velocity  range  vp  =  2  -  3  km/s,  applying  the  sabot  technique.  Semi-infinite  targets 
and  single  plate  targets  with  thicknesses  tp|  of  20  and  30  mm  of  steel  C45  are  impacted  at  normal  incidence. 
The  experimental  test  setup  is  demonstrated  in  Fig.  6.  Two  flash  X-rays  control  in  stereo  the  yaw  angle  of  the 
impacting  cylinder  in  front  of  the  target.  Yaw  angles  of  ±  2°  have  been  accepted.  In  case  of  plate  targets  the 
debris  cloud  expansion  is  observed  by  the  flash  X-ray  arrangement,  shown  in  Fig.  7.  One  flash  intensity  is 
weakened  by  an  Al-absorber  and  so,  two  pictures  of  the  cloud  taken  at  different  times  on  the  same  film  can  be 
distinguished.  There  is  a  witness  plate  behind  the  target  to  visualize  the  impact  pattern  of  the  debris  cloud. 


Cratering  in  Semi-Infinite  Targets 

Craters  in  the  semi-infinite  target  are  shown  in  Fig.  8.  The  crater  geometry  is  roughly  hemispherical  and  the 
crater  lips  are  broken  out.  This  indicates  a  relatively  brittle  behavior  of  the  target  steel  C45.  Some  projectile 
material  remains  in  the  crater  ground  area,  the  amount  of  which  decreases  with  velocity.  The  crater  data 
penetration  p,  diameter  d  and  volume  Vj  are  plotted  in  Figs.  9,  10  and  11  versus  the  impact  velocity.  The 
most  frequently  used  normalizations  are  applied,  i.e.  p/L,  d/D  and  V-p/Vp.  For  comparison  and  to  demonstrate 
in  a  better  way  the  velocity  dependence  also  penetration  data  for  cylindrical  Cl  10W2  steel  projectiles  (L/D  = 
1)  into  semi-infinite  RHA  targets  are  given  with  Vickers  hardnesses  HV  =  230  and  295  kp/mm^,  respectively 
(Hohler  and  Stilp,  1977).  The  data  demonstrate  the  influence  of  the  material  hardness.  In  case  of  RHA  targets 
there  is  no  breaking  out  of  the  crater  lips.  So  d,  does  not  exist  and  d,  =  d.  In  the  diagram  V-p/Vp  with  the 
double  logarithmic  scale,  the  slope  of  the  curves  converges  at  high  velocities  roughly  versus  two,  which  means 
oroportionality  of  Vj  to  the  kinetic  energy  of  the  projectile  1/2  mp  vp-. 
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Fig.  8.  Craters  in  semi-infinite  C45  targets.  The  mark 
indicates  the  crater  depth  p. 

Vp  =  2104  m/s,  2478  m/s  and  2892  m/s 


Impact  Velocity  Vp/ m/s 


Fig.  10.  Crater  diameters  in  the  semi-infinite 
target 


Debris  Cloud  Fxpansion  Behind  Perforated  Target  Plates 


Flash  X-ray  pictures  of  the  debris  cloud  expansion  are  shown  in  Figs.  12  and  1.1.  The  clouds  are  roughly 
spherical.  The  fragmentation  increases  with  velocity  and  is  smaller  in  case  of  the  30  mm  plates.  The  damage 
on  the  target  front  is  comparable  to  that  on  the  semi-infinite  target.  d,|/dj-data  of  0.83  -  0.9  and  0.92  -  1.0  are 
observed  for  the  20  and  .30  mm  target,  respectively.  This  is  in  agreement  with  the  fact,  that  the  d,|-values  are 
expected  to  increase  with  shield  thickness  and  converge  for  thick  shields  (tpi  =  p)  versus  the  crater  diameter  d, 
in  the  semi-infinite  target  (Vitali  et  al.,  1960).  In  addition  there  is  a  strong  spallation  damage  at  the  target  rear 
side  that  confirms  the  relatively  brittle  behavior  of  the  C45  steel.  The  spallation  ring  limits  the  boundary  line 
of  the  cloud  near  the  target  rear  side.  This  ring  is  ejected  with  a  diameter  of  about  (d^p  -(-  d,2)/2.  For  the  inner 
diameter  d,?  at  the  crater  exit  side  d,|  =  d,2  is  observed  in  case  of  the  20  mm  target  and  d,|  >  d,2  for  the  30 
mm  target.  This  means  a  decrease  of  d|2  with  plate  thickness  in  the  area  of  thick  shields. 


Figure  14  shows  a  sketch  of  an  expanding  cloud  together  with  the  damage  on  the  witness  plate.  This  damage 
consists  of  an  inner  area  of  high  debris  concentration  with  diameter  dn„n  and  an  outer  area  of  low 
concentration  with  diameter  d^^.  It  seems  that  the  inner  area  is  impacted  by  the  main  part  of  the  debris  cloud 
whereas  the  particles  in  the  outer  area  are  partly  coming  from  the  rear  of  the  cloud.  The  geometry  of  a  cloud 
can  be  characterized  by  the  ratio  of  distance  x  and  the  maximum  lateral  diameter  b  (s.  Fig.  14).  b  is  only 
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20  mm  Target 


X,  =  distance  between  front  of  the  cloud  ( t )  and  target  rear 
side  (+);  tj  =  corresponding  time  with  tj  =  0  =  moment  of 
impact.  Vp  =  1929  m/s;  X|  =  82.9  mm,  X3  =  143.8  mm; 
ti  =  100  /is,  t3  =  165.6  /IS 


Vp  =  2529  m/s;  X|  =  65.5  mm.  Xj  = 
99.5  mm,  X3  =  123  mm;  tj  =  80  /is, 
h  =  109.9  /is,  t3  =130.6  /IS 


Fig.  12c. 


Vp  =  2911  m/s;  X]  =  44.9  mm,  X2 
76  mm,  X3  =115.1  mm;  t]  =  50  /i! 
t2  =  74.7  /IS,  t3  =  105.5  /IS 


Vp  =  1927  m/s;  X/  =  70.6  mm,  X2 
107.5  mm,  X3  =  133  mm;  tj  =  15( 
t2  =219.8  /ts,  t3  =  260.6  us 


Vp  =  2535  m/s;  X/  =  70.2  mm,  X2  = 
112  mm,  X3  =  134.4  mm;  t]  =110  /is, 
t2  =  169.8  /IS,  13  =  200.6  /is 


+ 


Vp  =  2965  m/s;  xj  =  75.3  mm,  X2  =  119.6  mm 
X3  =156.1  mm;  tj  =90 /is,  t2  =  134.8  /is, 
t3  =  170.7 /IS 
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defined  for  b  ^  (d^p  +  di2)/2.  For  small  x-values  during  early  bulging  b  =  (d^p  +  di2)/2  is  used.  Figure  15 
shows  x/b  as  a  function  of  x.  x/b  increases  at  small  distances  strongly  with  x,  becomes  one  at  about  x  =  4  D 
and  converges  at  larger  distances  versus  x/b  =  1.1  -  1.2.  This  behavior  can  only  be  explained  by  the  fact,  that 
the  fragments  are  not  ejected  from  a  central  point  in  the  target.  The  origin  of  the  fragments  is  spread  over  the 
total  damage  area  in  the  target  and  causes  a  dependence  of  x/b  on  x  near  the  target  rear  side.  At  larger 
distances  this  dependence  disappears  and  x/b  becomes  constant,  which  means  in  this  case  a  roughly  spherical 
expansion  of  the  cloud,  x/b  is  nearly  equal  for  both  plate  thicknesses,  tested  here,  i.e.  nearly  independent  of 
the  residual  velocity  vr  of  the  cloud  front.  Only  a  small  decrease  of  x/b  with  vp  is  observed.  This  indicates  a 
weakly  growing  lateral  spread  of  the  clouds  with  impact  velocity.  This  behavior  is  confirmed  by  the  plot  of 
dp,in  and  d^a*  F'g-  16.  Both  parameters  weakly  increase  with  vp  and  do  not  depend  on  vr  VR-data  are 
given  in  Fig.  17. 
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SIMULATION  OF  THFL  CRATERS  IN  THE  SEMI-INFINITE  TARGET  BY  THE 
LAGRANGIAN  CODE  LS-DYNA2D 


LS-DYNA2D  has  been  used  to  simulate  the  cratering  in  the  semi-infinite  target.  Due  to  the  restriction, 
LS-DYNA2D  cannot  be  applied  to  numerical  analysis  of  debris  cloud  forming.  The  material  property 
measurements  already  presented  supply  the  basic  material  parameters  for  numerical  analysis.  LS-DYNA2D  is 
a  well-known  hydrodynamic  Lagrangian  finite  element  code.  Based  on  its  contact-impact  algorithm,  it  is  able 
to  solve  many  impact  problems.  For  high  strain  rate,  elasto-plastic  deformation  topics  such  as  planar  impact 
tests,  the  code  can  produce  excellent  results.  However,  for  hypervelocity  impact,  the  elements  are  subjected  to 
a  large  amount  of  compression  and  deformation.  To  get  stable  results  the  time  step  size  has  to  be  reduced  and 
so  the  computer  cpu  time  becomes  too  long.  The  new  erosion  option  can  overcome  this  restriction.  It  defines 
the  overcompressed  elements  as  the  failed  elements,  kills  them  and  neglects  their  energy.  Through  the  auto¬ 
contact  algorithm  the  contact  surfaces  are  maintained.  So  the  time  step  size  and  the  cpu-time  can  be  controlled 
by  users.  However,  the  neglection  of  the  failed  elements  can  influence  the  result.  A  failure  criterion  is  needed 
to  determine  which  elements  should  be  deleted  during  computation.  In  this  paper  the  effective  plastic  strain 
fp)  1  at  failure  is  used  to  be  the  criterion.  But  this  failure  strain  is  not  a  physical  quantity  and  cannot  be 
evaluated  from  laboratory  tests.  The  choice  of  tpi  j  directly  influences  the  numerical  result. 


Material  Parameters  in  Simulations 


LS-DYNA2D  supplies  many  kinds  of  material  models  and  equations  of  state.  Here  the  isotropic-elastic-plastic 
hydrodynamic  material  model  with  the  Griineisen  equation  of  state  is  used.  Based  on  the  laboratory  planar 
impact  tests  and  sound  speed  measurement  the  material  parameters  of  Table  3  have  been  used. 

Table  3.  Material  parameters  used  in  the  simulation 


G/GPa  p/g/cm^  OuEL/GPa  ao/GPa  c^/mm/ps  S 


9SMn28  0.259  85.8  7.8  1.4  (Test  102)  0.915  4..378  1.562 

C45  0.279  81.3  7.8  1.7l(Test  95)  1.05  4.483  1..332 


Ch  and  S  are  taken  from  Fig.  3.  G  and  v  have  been  derived  from  measured  C|-  and  C|,-values  and  are  very  close 
to  the  static  data  in  Table  1 .  cq  calculated  from  HEL-data  in  Table  2  and  a  Griineisen  parameter  To  of  2.0 
for  both  steel  materials  has  been  inserted. 


Simulation  Results 


By  applying  LS-DYNA2D,  the  planar  impact  tests  have  been  simulated.  Examples  of  the  velocity  histories  of 
the  rear  surfaces  are  shown  in  Fig.  18.  The  computed  results  are  fairly  in  agreement  with  the  experimental 
curves. 

Based  on  the  measured  material  parameters,  the  craters  in  the  semi-infinite  target  have  been  simulated.  Without 
the  erosion  option,  the  computation  will  not  be  carried  forward.  The  negative  area  elements  will  terminate  the 
computation.  By  using  the  erosion  option,  the  effective  plastic  strain  fp|  f  at  failure  is  needed  to  specify  the 
criterion  of  the  failed  elements.  Because  9SMn28  and  C45  are  both  simijar  steels,  identical  (pj  (--values  have 
been  assumed.  Beside  the  choice  of  (p|  j,  the  plastic  hardening  modulus  E),  influences  the  compute  crater  size. 
Best  results  have  been  found  with  £„(  (  =  1.8  cm/cm  and  E),  =  1.8  and  0.0  GPa  for  9SMn28  and  C45, 
respectively.  2420  mesh  elements  ancf  2.586  mesh  nodes  are  used  in  these  finite  element  analyses.  To  overcome 
the  instability  problem,  a  scale  factor  for  computed  time  step  size  has  been  used  to  control  the  initial  computed 
time  step  size.  40  psec  after  projectile-target  contact  the  projectile's  velocity  decreased  from  the  initial  value  Vp 
to  zero  and  the  final  crater  shape  is  formed.  The  calculations  were  carried  out  on  the  Alliant  FX/80  supier 
mini-computer.  The  computed  crater  shapes  are  compared  with  the  experimental  craters  in  Fig.  19.  The  data 
are  listed  in  Table  4. 


Table  4.  Simulated  and  measured  crater  depth  p  and  crater  diameter  dj 
in  the  semi-infinite  C45-target 


Vp/m/s 

simulation 

p/mm 

test 

d,/mm 

simulation 

test 

2104 

24.0 

27.9 

44.7 

47.2 

2478 

25.7 

31.5 

49.7 

56.3 

2892 

27.6 

.34.2 

48.7 

58.6 
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The  calculated  craters  are  in  a  good  agreement  with  the  measured  craters.  Residual  fragment  material  in  the 
crater  ground  has  also  been  simulated.  The  breakup  of  the  crater  lips  cannot  be  verified.  The  new  erosion 
option  of  LS-DYNA2D  needs  large  computer’s  cpu  time,  but  with  the  new  option  the  hypervelocity  impact 
problem  can  be  solved  by  means  of  a  Lagrangian  code. 


Fig.  18.  Simulated  and  measured  velocity 
history  curves 


CONCLUSIONS 

The  cratering  in  semi-infinite  targets  and  the  perforation  of  thick  shields  with  the  debris  cloud  expansion  has 
been  investigated  for  short  cylinder  fragments  in  the  velocity  range  of  2  -3  km/s.  Projectile  and  target 
materials  are  steel  9SMn28  and  C45, respectively.  Thick  shields  are  understood  to  be  targets  with  thicknesses  in 
the  order  of  the  semi-infinite  penetration  depths.  The  damage  on  the  target  front  side  is  comparable  to  that  on 
the  semi-infinite  target.  At  the  beginning  of  it's  formation  the  debris  cloud  exhibits  a  flat  shape  that  is 
determined  by  the  origin  of  the  cloud  material  from  all  over  the  impact  region.  During  expansion  the  cloud 
approaches  nearly  hemispherical  shape.  The  cratering  in  the  semi-infinite  target  has  been  simulated  numerically 
by  the  I^ngrangian  code  LS-DYNA2D  with  the  new  erosion  option.  Input  data  are  static  material  properties  as 
well  as  shock  wave  data  obtained  from  planar  impact  tests.  The  simulation  of  the  particle  velocity  history  of 
planar  impact  tests  and  of  the  crater  shapes  is  in  fairly  good  agreement  with  the  experimental  data.  Only  some 
minor  deviations  between  experimental  result  and  simulations  still  have  to  be  improved. 
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ABSTRACT 

A  requirement  to  perform  experiments  for  hypervelocity  impacts  in  substitute  materials  arises  from  the 
need  for  data  at  velocity  ranges  inaccessible  in  the  laboratory.  The  role  of  melt  and  vapor  in  hypcrvelocity 
shielding  designs  cannot  be  assessed  with  the  maximum  velocity  of  approximately  8  km/sec  that  is 
achievable.  As  a  consequence,  there  is  interest  in  performing  experiments  in  materials  where  the  melt  and 
vapor  regimes  occur  at  lower  velocities. 

Such  surrogate  experiments  can  in  principle  be  exact.  A  process  in  a  surrogate  material  will  be 
dynamically  similar  to  one  in  the  material  of  interest  if  the  constitutive  equations  are  the  same  to  within 
three  arbitrary  scale  factors  given  by  the  ratios  of  the  natural  mass  densities,  sound  speeds  and  viscosities. 
Then  cxptcrimenLs  can  be  performed  at  scaled  size,  velocity  and  time. 

Cadmium  and  zinc  arc  considered  as  candidates  to  sub.stitute  for  aluminum  to  allow  velocity  scaling. 
Their  thermodynamic  equations  of  state  are  constructed  from  existing  data  and  the  ANEOS  analytical 
equation  of  state  model.  They  arc  recast  in  a  scaled  form  in  which  the  satisfaction  of  the  scaling 
requirements  can  be  assessed.  Rca.sonablc  matching  is  attained.  Testing  in  cadmium  at  a  velocity  of  6 
km/sec  is  approximately  dynamically  similar  to  experiments  in  aluminum  at  18.6  kmisec,  a  velocity 
factor  of .?.  / . 


INTRODUCTION 

Hypcrvelocity  impacts  occur  at  velocities  unattainable  oy  normal  experimental  methods.  Impacts  at 
velocities  up  to  15  kmkiec  arc  important  for  vehicles  in  the  space  environment.  At  these  velocities, 
significant  melt  and  vapor  arc  generated  from  impacts  into  typical  aerospace  structural  materials  such  as 
aluminum.  Unfortunately,  the  usual  experimental  techniques  have  been  limited  for  some  time  to  an  upper 
velocity  of  about  8  kmisec. 

A  natural  question  arises:  what  is  the  possibility  of  using  materials  for  which  melt  and  vapor  occur  at 
lower  velocities  to  test  the  physics  that  would  occur  in  aluminum  at  the  higher  velocities?  Historically, 
such  approaches  were  based  on  heuristic  arguments.  In  the  early  1960's,  cratering  experiments  were 
performed  into  lead  targets  in  order  to  achieve  melt  states.  Are  the  results  merely  qualitative,  or  are  they 
also  quantitative?  The  theoretical  and  practical  answers  to  those  questions  arc  the  basis  for  this  paper. 


DYNAMIC  SIMILARITY  IN  EXPERIMENTS 


A  dynamic  process  consists  of  time  and  space  dependent  fields  for  the  fields  of  continuum  mechanics. 
Those  fields  include,  collectively  {x,v,a,F,p,pf,,T,b,e,L,r,q] ,  where  x  is  the  spatial  position  at  time  t 
of  the  particle  occupying  X  in  the  reference  configuration, 

x^x(X,t)  (la) 

the  tensor  F  is  the  material  gradient 

r  =  Gradx(X,/)  (lb) 

of  that  motion,  a  is  the  acceleration  vector,  v  is  the  velocity,  and  L  denotes  the  spatial  gradient  of  the 
velocity  vector  u; 


L  =  gradi>(X,/).  (Ic) 

Further,  T  is  the  symmetric  stress  tensor,  b  is  the  body  force  vector,  r  is  the  heat  supply,  p  is  the  mass 
density,  po  is  the  initial  mass  density,  and  e  is  the  specific  internal  energy.  The  internal  energy  is 
arbitrary  to  within  an  additive  constant.  Here  it  is  assumed  that  e=0  in  some  initial  state. 

Consider  two  processes  ('  erhaps  with  different  matcrial.s)  where  the  fields  for  the  first  process  are  related 
to  those  of  the  second  in  some  simple  way.  A  similarity  transformation  is  a  relationship  between  those 
two  different  processes  which  is  characterized  by  simple  "scale  factor"  scalar  constants  of  proportionality 
for  each  of  the  time  and  space-dependent  fields,  and  for  which  tl  three  balance  equations  of  mass, 
momentum  and  energy  are  invariant.  Suppose  the  time  and  spacc-dcpjndcnt  fields  in  the  first  process  are 
given.  Then  all  of  the  fields  in  the  second  process  will  be  denoted  by  primes,  and  will  be  related  to  those 
of  the  first: 


x'{X',t')=a,x{X,t) 
b’(X\t')  =  aMX,t) 
q\X',t')  =  (x,q(X,i) 


p'(X\t')  =  a,p{X,t) 
e\X\t')=a,e{X,i) 


r{X\i')=arnX,t) 
r\X\r)  =  aAX,t) 


at  so-called  homologous  points  and  times  defined  also  by  constants  of  proportionality: 

X'  =  a^X  x'  =  a,x  i'=a,i 

The  dei  ived  fields  as  a  consequence  of  their  definitions  satisfy: 

v'{X\n  -  a^viX,i)  =  ^v(X,t)  a\X',t')  -  a,a(X,/)  =  ^a{X,t) 

a,  (a,)^ 


F\X’,t’)^a,F(X,i)  =  ^F{X,t) 
ax 


L\X\l')  =  aMX,i)  =  —  L(X,l) 

a, 


(2b) 


(2c) 


There  arc  nine  independent  scale  factor  constants  in  these  equations.  It  is  assumed  that  the  material 
position  X  is  taken  as  the  initial  spatial  position  jc.  Then  the  two  length  scalar  factors  a,  and  must 
be  equal,  leaving  only  eight  remaining  independent  constants.  In  this  case  the  deformation  gradients  F 
and  F’  (and  hence  strains)  are  the  same  at  homologous  points  in  the  two  materials. 

Assume  that  the  fields  in  the  first  process  satisfies  the  general  balance  equations  of  mass,  momentum  and 
energy.  In  order  that  the  second  also  satisfy  the  equations  these  eight  scale  constants  cannot  be  arbitrary, 
but  five  must  be  determined  by  the  remaining  three.  That  can  be  easily  proved  by  a  substitution  of  the 
un-primed  fields  into  the  balance  equations  (Schmidt  and  Holsappic,  1980).  (That  also  follows  from  the 
fact  that  there  arc  three  independent  dimensions  in  the  balance  equations  to  which  this  transformation  is  to 
be  invariant.  (Holsappic,  1992). 
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If  one  chooses  the  mass  density,  velocity  and  length  scales  as  fundamental  then  it  is  necessary  that  the 
others  satisfy; 


a,  /  s2 

a,  =  —  ttr  =  «,.(«..)  «(,  — 

Ofy  CC^ 

a.  =(a„)  a,  =  a^(aj 


(3) 


The  two  processes  are  called  dynamically  similar  when  these  relations  hold.  Thus,  the  balance  equations 
of  continuum  thcrmophysics  arc  invariant  to  a  similarity  transformation  determined  by  three  independent 
scale  factors,  which  can  be  taken  to  be  those  of  velocity,  mass  density  and  length.  In  the  prc.scnt  case,  the 
interest  is  in  a  scaling  of  the  velocity  field.  The  possibility  of  the  invariance  of  constitutive  equations  to 
such  transformations  is  now  examined. 


GKNKRAL  THERMODYNAMIC  CONSTITUTIVE  THEORIES 

A  very  general  class  of  material  behavior  termed  "simple  materials"  has  been  defined  by  Truc.sdcll  and 
Noll  (I96.S).  Heat  conduction  can  be  ignored  for  the  prtKcsscs  of  interest  here.  Then  simple  materials 
have  constitutive  equations  given  by: 

TU)=‘j\F(T).e(T)\  (4) 

f 

where  the  value  of  the  stress  tensor  at  the  present  time  /  is  determined  by  the  entire  past  history  over 
times  -oo<  T  <  /  of  the  deformation  gradient  and  the  internal  energy.  It  is  assumed  that  a  strc.ss-frcc  initial 
suite  with  F=l  and  e=0  is  chosen  for  the  reference  state. 

The  variables  with  units  in  this  equation  include  the  stress  tensor  T  and  the  internal  energy  e.  The 
histories  have  the  time  variable  t.  There  arc  then  the  three  independent  dimensions  of  stress,  length  and 
time;  or,  equally,  of  mass  density,  velocity  and  time.  Therefore,  there  must  exist  a  natural  material  mass 
density  .scale  p/,  a  velocity  scale  c/  and  a  temporal  scale  s/  (or  a  viscous  scale  t]j)  defined  by  the 
constitutive  equation.  Those  natural  material  scales  can  be  used  to  write  (4)  in  a  nondimcnsional  form 


■^T{t)=9  nn^ 


r 

T  =  — 

X, 


For  proccs.scs  that  satisfy  both  the  transformations  (.3)  and  the  constitutive  relation  (5).  the  natural 
material  mass  density,  velocity  and  time  scales  must  be  scaled  between  the  experiment  and  the  prototype 
case,  which  implies  different  materials  for  those  prwes.scs.  Only  in  the  case  that  one  or  more  material 
scales  is  missing  is  there  a  possibility  of  constitutive  equation  invariance  to  one  or  more  scale  factors  of 
the  similarity  transformation  fora  fixed  material  (Holsappic,  1992). 

Consequently,  one  cannot  perform  surrogate  tests  in  the  same  .simple  material  in  the  general  case. 
F'urthcr,  while  many  .special  classes  of  materials  have  one  or  more  natural  material  scales  mi.ssing,  and  as 
a  consequence  allow  surrogate  tests  in  that  same  material  (Holsapple,  1992);  no  common  class  of 
materials  has  the  velocity  .scale  mi.ssing  for  fully  dynamic  processes.  As  a  consequence,  .surrogate 
rruiterial.s  will  he  required  for  velocity  .scaled  experiment.s. 

In  the  case  that  a  surrogate  material  is  used  for  the  experiment,  the  .scale  factors  will  be  determined  from 
the  mass  density,  velocity,  and  time  natural  material  scale  ratios  of  the  prototype  and  surrogate  material. 
The  experimenter  must  choose  the  surrogate  material  to  .satisfy  the  .specific  constraints  and  needs  for 
experimentation.  (If  one  or  more  material  .scales  arc  not  a  part  of  the  material  constitution,  then  tho.se 
missing  scales  can  be  chosen  at  the  convenience  of  the  experimenter).  Then  experiments  in  that  surrogate 
material  are  related  to  the  case  of  interest  by  the  similarity  transformation,  if  the  scaled  form  of  the 
con  stitutive  equation  (.5)  above  is  identical  for  the  prototype  and  .surrogate  material.  If  the  material 


k  A 


constitution  has  all  three  natural  material  scales,  then  the  material  velocity  and  time  scales  will  determine 
the  si/c  scale  using  the  first  of  (3).  For  example,  it  a  surrogate  material  velocity  scale  is  a  factor  of  113 
compared  to  the  material  of  the  application,  and  the  time  scale  is  the  same,  then  the  experiment  would 
have  to  be  conducted  at  a  reduction  of  113  in  the  size  scale.  If  there  is  a  velocity  but  no  time  scale  in  the 
material,  the  size  scale  can  remain  arbitrary. 

The  practicality  of  these  requirements  can  be  assessed  by  a  consideration  of  the  type  of  constitutive 
equations  appropriate  for  hypervelocity  impact  processes,  and  by  a  perusal  of  the  materials  available. 


CONSTITUTIVE  EQUATIONS  FOR  IMPACT  PHENOMENA 

Descriptions  of  materials  for  hypcrvelocity  impact  studies  are  commonly  written  in  two  parts.  First,  the 
pressure  p  (7/5  of  the  negative  of  the  uace  of  the  stress  tensor),  the  internal  energy  and  the  mass  density 
are  related  by  equations  of  state  of  equilibrium  thermodynamics: 

e  =  e(p,p)  (6) 


at  each  material  point  and  time. 

The  equation  (6)  relates  three  quantities,  but  there  are  only  two  independent  dimensions,  which  can  be 
chosen  as  any  two  of  stress,  velocity  and  mass  density.  Therefore,  this  material  has  a  natural  material 
mass  density  Pi  and  velocity  scale  C/  but  it  has  no  time  scale.  There  cannot  exist  any  other  material 
constants  defined  from  (6)  with  units  independent  from  these  two.  The  velocity  scale  can  be  taken,  for 
example,  as  the  reference  condition  sound  speed  Co  ■  The  mass  density  scale  can  be  taken  as  the  initial 
mass  density  po.  Other  choices  may  also  be  made.  All  other  material  properties  inherent  in  (6)  can  be 
expressed  as  dimensionless  ratios  using  these  two  as  basic. 

The  equivalent  nondimensional  form  of  (6)  is  given  by  using  the  two  natural  material  scales: 


(7) 


where  the  function  0  is  nondimensional. 


Fig.  I.  The  Equation  of  State  for  Aluminum, 
with  The  Hugoniot  and  Phase  Boundaries 


This  equation  of  state  (eos)  description  typically 
includes  the  different  regimes  of  solid,  liquid  and 
vapor.  A  typical  case  is  shown  as  Fig.  1,  which 
was  generated  for  aluminum  using  the  ANEOS 
analytical  description  (Thompson  and  Lawson, 
1972).  (In  this  plot,  the  zero  energy  stale  is  taken 
at  zero  temperature,  it  could  be  shifted  to  the 
atmospheric  point  at  room  temperature  shown  as  a 
circle  at  the  beginning  of  the  Hugoniot  by  simply 
sub^acting  a  constant.)  The  various  curves  are 
identified  as  the  melt  curves  (solidus  and  liquidus), 
the  vapor  dome,  the  Hugoniot,  and  various 
isopressure  and  isentropic  curves. 

The  second  part  of  the  material  description  is  a 
relation  giving  the  stress  deviator  tensor  as  a 
functional  in  terms  of  the  past  deformation  gradient 
and  internal  energy  histories: 

TAi)=J-\F(t),e(r)]  (8) 

TO 


Ai  this  level  of  generality,  this  functional  includes  theories  of  nonlinear  viscoelasticity,  plasticity. 
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viscosity,  fracture  and  elasticity  as  special  cases.  It  is  common  to  make  the  additional  assumption  that  the 
material  is  rate-independent,  which  rules  out  viscoelastic  and  viscous  effects,  but  retains  still  all  rate- 
independent  theories  of  elasticity,  plasticity  and  fracture.  Then  the  equation  must  be  invariant  to  the  time 
scale  factor  a,,  but  still  allows  a  history  dependence  where  the  stress  is  invariant  to  how  fast  that  history 
occurred. 

The  values  of  the  functional  (8)  are  stresses  and  the  internal  energy  has  the  units  of  velocity^.  The 
nondimcnsional  form  is  obtained  using  the  same  two  material  scales  p/  and  c,  that  came  from  the 
equation  of  slate  relation  (6): 


-ljTAt)  =  7  F(-),^e(-) 
Pfii  L 


(9) 


where  the  replacement  of  the  time  variable  by  the  dashes  is  meant  to  indicate  the  rate  independence. 
Therefore,  all  stress  values  determined  by  this  equation  (typically  including  modulii,  yield  stresses, 
fracture  stresses  and  so  on)  are  made  nondimensional  using  the  same  material  scales  as  before.  (In  most 
cases,  there  is  no  dependence  on  the  past  internal  energy  history,  and  the  dependence  on  the  present 
internal  energy  is  repre.sentcd  as  a  dependence  on  the  present  temperature.  It  is  easily  converted  to  this 
form  using  a  specific  heat  constant.) 

Thus,  for  the  equations  normally  used  to  describe  materials  in  hypervelocity  processes,  there  are  only 
natural  material  .scales  of  mass  density  and  velocity.  Given  a  prototype  materi^,  and  with  a  choice  of  a 
surrogate  material,  the  two  material  scales  (denoted  with  and  without  primes)  determine  two  of  the  scale 
factors  for  the  similarity  transformation  by 


a 


p 


=  pL 

pt  ’ 


(10) 


The  remaining  problem  scales  are  then  given  by  equations  (3).  Note  specifically  that  the  internal  energy 
scale  is  the  square  of  the  velocity  scale.  There  is  no  material  time  or  length  scale,  so  that  the  size  scale 
a,  is  entirely  arbitrary  for  tests  in  this  class  of  problems,  and  can  be  chosen  for  the  convenience  of  the 
experimenter.  For  more  general  material  models  with  a  time  .scale,  the  experiment  would  have  to  be 
conducted  at  the  size  scale  determined  by  the  lime  and  velocity  .scales. 

Thus,  in  summary,/<7r  two  different  materials  to  have  impact  processes  that  are  dynamically  similar  the 
scale  factors  are  determined  by  the  ratios  of  those  materials  mass  density  and  sound  speeds.  It  is  necessary 
that,  when  scaled  by  those  constants,  their  entire  equation  of  state  surfaces  be  identical.  In  addition,  the 
stress  constitutive  equations  must  be  invariant  to  that  scaling,  so  that  all  stress  measures  must  scale  as 
the  pres.sure,  using  (10)  and  the  second  of  (3). 

The  requirement  for  equality  of  the  entire  scaled  cos  description  has  many  individual  components  and 
measures  (indeed,  an  infinite  number).  Included  arc  .static  properties  related  to  derivatives  of  (6)  such  as  the 
reference  state  bulk  modulus,  sound  speed  and  Gruncisen  parameter.  Other  measures  include  the  shape  of 
the  Hugoniol  curve,  the  position  and  shape  of  the  melt  and  vapor  boundaries,  and  ad-infiniium.  Here, 
rather  than  attempting  to  list  any  finite  number  of  those  individual  properties,  it  will  be  the  entire  plot  of 
that  cos  description  that  will  be  considered.  Then  a  few  particularly  key  properties  will  be  identified  for 
quantification. 

One  might  expect  that  a  complete  match  of  an  equation  of  state  surface,  even  crudely,  is  loo  much  to 
expect.  What  physical  basis  is  there  to  even  expect  it?  Motivation  lies  in  simple  models  of  solid  state 
structure  of  metals. 


A  simple  model  has  atoms  at  the  comers  of  a  rectangular  three  dimensional  structure,  with  interatomic 
metallic  bonds  appropriate  to  the  metals  considered  here.  While  various  metals  actually  have  different 
crystal  sU'uclurcs  (face  centered  cubic  for  aluminum,  close  packed  hexagonal  for  cadmium  and  zinc),  the 
essence  of  the  behavior  for  any  one  can  be  depicted  by  this  simple  structure.  Then  the  important  physical 
properties  of  the  structure  are  the  atomic  ma.sscs,  the  interatomic  spacing  and  the  interatomic  forces, 
which  depend  on  the  interatomic  spacing  and  the  interatomic  potential.  An  analysis  of  this  model  shows 
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that  there  is  a  compressibility  modulus  determined  by  the  second  derivative  of  the  interatomic  potential, 
divided  by  the  interatomic  spacing  (Ashby  and  Jones,  1980).  The  atom  masses  and  interatomic  space  also 
give  the  effective  bulk  mass  density.  Thermal  agitation  of  this  structure  is  governed  by  that  same 
modulus  and  mass  density.  All  macroscopic  properties  of  this  simple  model  are  determined  by  that 
modulus  and  the  macroscopic  mass  density,  so  that  the  material  behavior  is  determined  by  only  two 
fundamental  material  properties.  If  the  interatomic  potentials  have  the  same  shape,  then  second  order  and 
nonlinear  properties  will  also  match.  While  different  metals  have  different  modulii  and  mass  density,  and 
there  are  many  complexities  not  addressed  by  this  simple  model,  one  might  expect  some  kind  of 
correlation  of  material  behavior  based  on  only  two  natural  material  scales. 

In  tabulations  of  the  material  properties  of  the  elements,  certain  correlations  of  this  type  are  also  noted. 
For  example,  Gschneidner,  1964  discusses  a  number  of  correlations  of  the  properties  of  elements 
including  near  constancy  of  Poison's  ratio,  relations  between  the  linear  and  the  second  order  terms  of 
compressibility,  correlation  of  the  bulk  modulus  with  the  energy  of  sublimation,  constancy  of  the 
entropy  of  fusion,  the  Slater  relation  between  the  compressibility  and  the  Gruneisen  constant  and  the 
Bragg  and  Lindeman  laws  for  the  heat  of  fusion.  In  all  of  these  cases,  the  properties  of  the  elements  point 
to  an  underlying  simplicity  based  on  only  two  fundamental  material  scales  for  any  one  material. 

In  shock  wave  studies,  researchers  have  also  noted  a  similar  fact.  Many  solid  materials  have  the  same 
equations  of  state  when  nondimensionalized  with  the  initial  sound  speed  and  the  initial  density,  with  only 
the  nondimcnsional  Gruneisen  parameter  remaining  as  an  additional  parameter  (see  Rae,  1970  for  a 
discussion  and  references  to  the  older  studies).  If  the  Gruneisen  is  similar  between  two  metals  (which  is 
common),  then  a  complete  first  order  match  in  a  scaled  sense  is  obtained. 

Finally,  there  have  also  been  successes  in  correlating  cratering  results  in  a  variety  of  metals  using  only 
the  mass  density  and  a  single  stress- valued  strength  measure  (see  Holsapple  and  Schmidt,  1982). 


AN  EXAMPLE:  SUB-VELOCITY  SCALING  OF  ALUMINUM 


An  examination  of  the  material  properties  of  metals  was  made,  with  a  comparison  to  those  for  the 
aluminum  used  for  space  vehicle  shielding  dcsign.s.  The  primary  interest  is  in  the  dynamic  properties, 
with  pressures  and  particle  velocities  appropriate  to  impacts  a!  several  kmisec.  Furthermore,  it  is  not  the 
entirety  of  the  equation  of  state  description  that  will  be  important  in  the  impact  processes  of  interest  The 
impact  generates  a  shock  wave  in  the  material  that  propagates  into  the  interior,  decays  as  it  propagates, 
and  may  reflect  from  free  surfaces.  A  typical  material  particle  will  experience  this  shock  at  some  time  and 
the  pressure  will  jump  to  a  value  along  the  Hugoniot  curve.  Particles  near  the  impact  point  will  be 

subjected  to  higher  pressure  than  those  further 
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away.  Behind  the  shock  the  process  is 
adiabatic,  the  pressure  decays,  and  the  material 
particle  follows  an  isentropc  in  the  equation  of 
state  surface.  Eventually,  all  material  points 
will  return  to  the  ambient  pressure. 

As  a  consequence,  the  primary  region  of 
concern  is  the  region  bounded  below  by  the 
Hugoniot,  and  above  by  the  isentrope 
unloading  from  the  highest  pressure  generated 
at  the  impact  point.  For  aluminum,  that  is  on 
the  order  of  a  few  megabars.  An  expanded  view 
of  that  region  for  aluminum  is  shown  in  the 
adjacent  Fig.  2. 

Several  points  of  particular  interest  on  the 
Hugoniot  curve  are  also  shown  on  this  Fig. 
The  point  labeled  "A"  is  the  first  point  where 
the  unloading  isentrope  back  to  ambient 


Fig  2.  The  Region  of  Interest  for  Aluminum,  Showing  pressure  at  point  "a”  will  reach  any  part  of  the 


the  Material  Specific  Energy  and  Mass  Density  Scales  melt  regime.  Particles  loaded  to  the  point  "B" 

will  have  complete  melt  on  unloading  to  point 
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"b".  Point  "C"  is  the  point  where  there  will  be  partial  melt  at  the  shock  wave,  then  complete  melt  will 
occur  on  unloading.  Material  reaching  point  "D''  will  vaporize  upon  unloading  to  point  "d”.  Finally, 
material  reaching  point  "E"  will  have  complete  melt  at  the  shock,  and  will  vaporize  upon  unloading. 

For  aluminum  impacts  into  aluminum,  the  table  1  quantifies  these  points.  It  shows  the  peak  pressure  for 
a  one-dimensional  impacts  as  predicted  by  the  ANEOS  model,  and  identifies  other  significant  points  of 
impact  velocity  and  pressure  that  give  various  levels  of  melt  and  vapor. 


Table  1 .  Pressures  generated  for  aluminum  impacts  into  aluminum 


Velocity 

Peak  Pressure 

Notes 

5  km/sec 

600  kbar 

8  km/sec 

1.17  megabar 

10  km/scc 

1.65  megabar 

12  km/scc 

2.21  megabar 

15  km/sec 

3.16  megabar 

20  km/scc 

5.13  megabar 

5.6  km/sec 

700  kbar 

Point  A:  Some  melt  on  unloading 

7.2  km/sec 

1.0  megabar 

Point  B:  Complete  melt  on  unloading 

10.4  km/sec 

1 .76  megabar 

Point  C:  Some  melt  at  shock 

10.9  km/scc 

1.90  megabar 

Point  D:  Vapor  on  unloading 

1 1 .0  km/sec 

1.93  megabar 

Point  E:  Complete  melt  at  shock 

Mass  Density  (gm/cm^ ) 

Fig.  3.  Wave  Speed  and  Mass  Density  of  some 
metals. 


In  order  to  choose  materials  suitable  for  scaling  studies, 
other  metals  were  considered.  It  is  desired  to  scale  the 
velocity,  so  that  any  measure  determined  from  the 
velocity  scale  can  be  examined,  including  the  natural 
sound  speed  and  any  internal  energy  measures.  As  a 
first  measure,  material  wave  speeds  were  examined. 
Specifically,  the  zero  pressure  intercept  of  the  linear  fit 
to  the  shock  velocity-particle  velocity  Hugoniot  was 
chosen  for  actual  comparison.  (If  that  linear  fit  were 
exact,  that  intercept  would  be  the  sound  speed.) 

That  material  velocity  measure  is  shown  in  Fig.  3 
plotted  versus  the  mass  density  for  a  number  of  metals. 
Most  metals  have  a  lower  wave  speed  than  aluminum. 
There  are  several  candidates  for  which  the  velocity 
scaling  is  about  the  desired  factor  of  7/2  or 


so  compared  to  aluminum;  including 
cadmium,  gold,  hafnium,  lead,  silver, 
tantalum,  tin  and  zinc. 

Cadmium  and  zinc  were  chosen  for  further 
study.  (Future  examination  of  several 
others  is  appropriate,  including  tin,  and 
silver  which  has  the  same  crystal  structure 
as  aluminum.)  Complete  three  phase 
equations  of  state  were  then  generated  for 
those  two  metals,  again  using  the  ANEOS 
analytical  cos  package.  To  make  detailed 
comparisons  between  these  three  equation 
of  state  descriptions,  an  expansion  of  the 
pertinent  region  is  shown  for  cadmium  in 
Fig.  4  and  for  zinc  in  Fig.  5.  The  question 
is  whether  in  a  scaled  form,  the  equations 
of  state  of  cither  of  these  metals  matches 
that  of  aluminum.  Using  any  material 
velocity  scale  C/  and  a  mass  scale  p/,  the 


Fig.  4.  The  Equation  of  State  for  Cadmium 
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scaling  of  the  internal  energy  and  density  axes 
are  given  by  (3)  as  the  ratios  of  the  square  of 
the  velocity  scales,  and  the  ratio  of  the  mass 
density  scales,  respectively. 

The  important  points  are  those  identified  as 
"A"  to  "E"  in  Fig.  2,  as  well  as  the  unloading 
from  those  states.  In  a  qualitative  way,  one 
can  answer  the  question  of  the  equivalence  in  a 
scaled  sense  by  a  simple  overlay  of  the  figures 
2,  4  and  5  as  presented,  since  the  actual 
physical  size  chosen  for  the  display  here  was 
exactly  scaled  by  appropriate  factors  to  match 
the  reference  points  "O"  and  the  dyriamic  point 
"E”  where  the  Hugoniot  reaches  complete 
melt.  (Note  that  the  absolute  value  of  the 
internal  energy  is  of  no  consequence,  therefore 
the  matching  of  the  vertical  offset  for  the  axes 
does  not  matter.)  The  overlay  shows 
reasonably  good  agreement  of  all  of  the 
pertinent  points. 

The  scaling  determined  by  that  comparison  of 
the  reference  points  and  the  points  "E”;  as  well  as  certain  other  significant  points  can  be  determined  by  a 
comparison  of  the  ratios  of  the  internal  energy  (velocity  scale  squared)  and  the  mass  densities  at  those  key 
points  on  these  figures.  An  exact  match  of  scaled  properties  would  give  a  single  velocity  and  mass 
density  scale  for  all  points  considered.  The  actual  scale  factors  based  on  a  number  of  those  points  is 
shown  in  the  Table  2  for  the  implied  velocity  scales,  and  in  Table  3  for  the  implied  mass  density  scales. 
The  static  properties  are  those  found  in  handbooks  for  properties  at  one  atmosphere  pressure  in  quasi¬ 
static  processes.  The  dynamic  properties  are  determined  by  the  Hugoniot  curve,  which  governs  the  shock 
propagation  in  the  material. 


Table  2.  Ratios  of  Energy  Properties  for  Aluminum,  Cadmium  and  Zinc,  and  the  Resulting  Velocity 
Scale  Factors.  (Energies  are  ergs/gm,  sound  speed  in  km/sec.) 


Alum 

Cad 

Zinc 

Ratio 

Al/Cd 

Vel. 

Ratio 

Ratio 

AiyZn 

Vel. 

Ratio 

STATIC  PROPERTIES 

Energy  to  Begin  Melt  6.40E+09 

Heat  of  Fusion  4.00E+09 

Energy  to  Begin  Vaporization  1.06E+10 
Vapor  Energy  1 . 1 9E+ 1 1 

Reference  Sound  Speed  5.3 


DYNAMIC  PROPERTIES 


Energy  for  Some  Melt  on 
Unloading  (Point  A) 

3.90E+10 

3.90E+09 

9.60E+09 

10.0 

3.2 

4.1 

2.0 

Energy  for  Complete  Melt  on 
Unloading  (Point  B) 

6.20E+10 

7.00E+09 

I.52E+10 

8.9 

3.0 

4.1 

2.0 

Energy  to  Begin  Melt  at 

Shock  (Point  C) 

1.34E+11 

1.30E+10 

1.24E+10 

10.3 

3.2 

10.8 

3.3 

Energy  to  Vaporizxj  Some  on 
Unloading  (Point  D) 

1.42E+11 

1.20E+10 

2.41E+10 

11.8 

3.4 

5.9 

2.4 

Energy  to  Completely  Melt  at 
Shock  (Point  E) 

1.52E+11 

1.50E+10 

1.61E+10 

10.1 

3.2 

9.4 

3.1 

7.10E+08 

1.60E+09 

9.0 

3.0 

4.0 

2.0 

5.50E+08 

1.13E+09 

7.3 

2.7 

3.5 

1.9 

1.92E+09 

4.59E+09 

5.5 

2.3 

2.3 

1.5 

l.OOE+10 

2.00E+10 

11.9 

3.4 

6.0 

2.4 

2.48 

3.03 

2.13 

1.75 

1 


Fig.  5.  The  Equation  of  State  for  Zinc. 
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Table  3.  Ratios  of  Mass  Density  Properties  for  Aluminum.  Cadmium  and  Zinc. 


Alum 

Cad 

Zinc 

RatioAl/ 

Cd 

Ratio 

Al/Zn 

STATIC  PROPERTIES 

Initial  Mass  Density 

2.70 

8.648 

7.13 

3.20 

2.64 

Mass  density  at  Melt  Beginning 

2.57 

8.42 

6.84 

3.28 

2.66 

Mass  Density  at  Complete  Melt 

2.38 

8.02 

6.60 

3.37 

2.77 

Mass  Density  at  Vaporization  Beginning 

2.15 

7.73 

6.24 

3.59 

2.90 

DYNAMIC  PROPERTIES 


Mass  Density  at  Hugoniot  Point  A 

3.87 

11.12 

9.49 

2.87 

2.45 

Mass  Density  at  Hugoniot  Point  B 

4.12 

11.79 

9.98 

2.86 

2.42 

Mass  Density  at  Hugoniot  Point  C 

4.61 

12.64 

9.74 

2.74 

2.11 

Mass  Density  at  Hugoniot  Point  D 

4.65 

12.39 

10.52 

2.67 

2.26 

Mass  Density  at  Hugoniot  Point  E 

4.69 

12.82 

10.04 

2.74 

2.14 

With  regard  to  the  internal  energy  and  the  implied  velocity  scales  in  Table  2,  it  is  seen  that  all  energy 
ratios  are  much  more  consistent  for  the  dynamic  properties  than  for  the  purely  static  properties. 
Furthermore,  they  are  all  quite  different  than  the  simple  reference-value  sound  sp^s.  Insofar  as  that 
sound  speed  value  is  determined  by  the  initial  slope  of  an  isentrope  at  the  reference  conditions,  it  is  not 
particularly  indicative  of  the  global  behavior.  Thus,  it  is  probably  not  the  best  measure  to  determine  the 
effective  velocity  scaling.  All  dynamic  energy  scales  give  effective  velocity  scales  of  about  1:3.1  for 
cadmium,  with  variations  within  10%.  There  is  much  more  spread  for  zinc,  centering  around  about  7. '2.5. 

For  the  scales  of  the  mass  density,  again  the  static  are  different  than  the  dynamic.  The  dynamic  mass 
density  scales  for  cadmium  are  about  2.8:1  compared  to  aluminum,  and  are  about  23:1  for  zinc.  Again, 
the  zinc  is  much  more  variable,  and  appears  not  to  be  as  good  a  choice  for  scaling  experiments  for  an 
aluminum  prototype. 

In  summary,  with  respect  to  these  thermodynamic  properties  it  would  appear  that  cadmium  is  a  good 
candidate  for  velocity  scaled  experiments  for  aluminum.  The  necessary  curves  in  the  equation  of  state 
surface  match  to  within  perhiqps  10%  in  the  regions  of  interest 

The  second  aspect  of  matched  behavior  deals  with  the  stress  scales  that  govein  the  behavior  of  the 
deviators  in  the  solid  regime.  Those  include  a  modulus  of  elasticity,  yield  strengths  and  fracture  strengths. 
(Note  however,  that  as  a  material  particle  approaches  a  melted  state,  those  fmite  strength  effects  go  away.) 

The  compressibility  in  bulk  is  determined  by  the  equation  of  state  description  already  considered.  The 
additional  shear  behavior  is  determined  by  that  bulk  modulus  and  the  Poisson  ratio,  which  is  about  1/3 
for  all  common  metals.  Therefore,  with  respect  to  the  compressibility  aspects  in  the  solid  regime,  the 
matching  of  the  equation  of  state  should  suffice.  With  regard  to  the  metals  above,  the  compressibility  at 
the  atmospheric  pressure  state,  as  determined  by  the  bulk  modulus,  Ko=poC(?,  does  not  scale  particularly 
well.  Both  cadmium  and  zinc  have  values  well  above  the  scale  reductions  calculated  from  the  mass 
densities  and  internal  energies.  That  follows  directly  from  the  fact  the  reference  sound  speeds  also  do  not 
scale  very  well.  However,  for  the  total  compressibility  along  points  well  up  the  Hugoniot,  the  matching 
is  quite  good. 

The  scaling  of  the  strength  effects  is  quite  a  different  matter  from  that  of  the  compressibility.  While  the 
crystal  structure  dominates  the  thermodynamics  and  compressibility,  the  strength  of  a  crystalline  solid  is 
never  more  than  a  small  percentage  of  that  predicted  from  the  crystal  structure  and  interatomic  potentials. 
Instead,  it  is  governed  by  defects  in  that  crystalline  structure  such  as  dislocations  and  grain  boundaries. 
Therefore,  one  cannot  expect  the  strength  measures  between  two  metals  to  scale  as  simply  as  the  behavior 
based  on  the  fundamental  crystalline  structure. 

However,  there  are  two  factors  that  alleviate  this  potential  problem.  First,  many  aspects  of  the  behavior 
of  processes  of  interest  are  not  affected  by  the  strength  of  the  metal,  particularly  those  dominated  by  melt 
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and  vapor  where  that  strength  goes  away.  For  example,  the  spray  cloud  emanating  from  behind  an  impact 
into  a  thin  metal  sheet  at  high  velocity  is  undoubtedly  not  affected  significantly  by  any  strength  aspects 
of  that  sheet. 

Secondly,  in  those  cases  where  some  strength  measure  is  important,  the  strength  of  metals  can  be  tailored 
a  great  deal  by  alloying,  annealing  and  by  work  hardening  without  significant  effect  on  the  other  bulk 
properties.  Aluminum,  as  an  example,  comes  in  alloys  and  slates  with  the  yield  strengths  varying  by 
over  an  order  of  magnitude,  but  with  essentially  the  same  melting  point,  compressibility  and  other 
thermodynamic  properties.  It  is  not  out  of  the  question  that,  for  phenomena  where  it  is  thought  to  be 
important,  specific  alloys  or  states  of  cadmium  or  zinc  could  be  found  with  the  scaled  strength  measures 
down  the  factor  of  about  3.4  compared  to  a  specific  aluminum  alloy  of  interest 


HYBRID  SURROGATE  MATERIAL  TESTING 

A  hybrid  approach  to  surrogate  material  testing  for  space  debris  shielding  for  the  space  station  has  been 
advocated  by  others  (Schmidt  and  Housen,1992).  In  their  approach,  there  is  a  replacement  of  a  front  shield 
of  aluminum  by  a  cadmium  sheet  of  equal  geometry,  but  the  back  wall,  modeling  the  space  station  wall, 
is  retained  in  its  original  aluminum  thickness  and  type. 

This  approach  has  advantages  and  drawbacks.  It  is  probable  that  it  is  only  the  back  wall  material  for 
which  any  strength  measures  matter.  When  using  aluminum  those  strengths  clearly  arc  as  desired. 

The  function  of  the  front  shield  at  velocities  over  about  6  km! sec  is  to  break  up,  melt  and  vaporize  an 
incoming  hypervelocity  projectile.  The  net  effect  is  a  dispersed  spray  of  fine,  strengthless  particles  hitting 
the  back  structural  wall  over  a  circular  area  at  high  speed.  That  produces  some  pressure  loading  as  a 
function  of  radial  position  and  time  on  the  back  wall.  (Any  remaining  coherent  dense  particles  could 
create  concentrations  in  that  loading.) 

With  a  surrogate  cadmium  front  shield,  the  theory  predicts  that  the  pressure  on  the  back  wall  will  be  a 
factor  scaled  by  the  ratio  of  P/C/^,  (a  factor  of  3.4  less)  over  a  period  of  time  scaled  by  7/c/ ,  (a  factor  of 
3.1  times  longer)  and  with  the  same  radial  distribution.  That  pressure  history  loading  can  cause  failure  by 
mechanisms  of  back  surface  spall  due  to  stress  waves  and  governed  by  spall  fracture  strength,  by  "punch- 
through"  of  individual  competent  particles,  or  by  over-all  structural  deformation  and  petalling  governed  by 
yield  and  fracture  strengths.  Clearly  there  is  little  hope  of  matching  failures  governed  by  stress  wave 
magnitudes  or  punch  through  with  such  tests,  these  threats  are  substantially  reduced  in  seriousness. 
However,  since  the  loading  times  are  relatively  short  compared  to  structural  response  times,  it  may  not  be 
the  entire  pressure  history  that  matters.  Instead,  it  is  commonly  assumed  that  such  failures  can  be 
characterized  by  the  area  under  the  pressure-time  history:  the  impulse  (per  unit  area)  of  the  loading.  The 
impulse  .scales  as  the  product  poCo-  Sercndipitou.sly,  that  product  is  almost  the  .same  for  cadmium  and 
aluminum,  the  cadmium  gives  an  impulse  that  is  within  90%  of  that  of  aluminum.  (This  value  is  to  first 
order  unity,  the  scaling  of  the  material  behavior  is  not  accurate  to  any  better  than  perhaps  10%.)  Thus, 
failures  by  impulsive  loading  are  modeled  correctly  in  this  hybrid  approach. 

What  is  gained  in  this  hybrid  approach  is  the  elimination  of  the  requirement  to  scale  the  back  wall 
strength  and  fracture  values,  which  may  be  difficult  to  achieve  for  cadmium  or  other  surrogate  materials. 
What  is  lost  is  the  ability  in  principle  to  correctly  model  ail  types  ol  failure.  A  separate  assumption  of 
the  appropriate  measure  of  the  loading  on  that  back  wall  is  required  to  free  the  experimenter  from  using 
the  surrogate  material  for  all  parts  of  the  problem. 
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SUMMARY 

The  use  of  surrogate  materials  is  necessary  for  any  dynamically  similar  tests  at  reduced  velocity.  In 
principle  such  tests  can  be  exact,  with  a  scaling  of  all  velocities,  mass  densities,  and  sizes  determined 
from  three  natural  material  scales.  Using  those  three  material  scales  to  non-dimensionalize,  the  entire 
remaining  constitutive  behavior  of  the  surrogate  material  must  match  that  of  the  prototype.  For  the 
common  material  models  for  hypervelocity  impacts,  using  equilibrium  thermodynamics  and  rate 
independent  stress  functionals,  there  are  only  mass  density  and  stress  scales,  so  that  surrogate  material 
tests  at  the  prototype  or  any  other  size  scale  are  possible. 

There  arc  simple  solid-state  models  that  would  predict  matching  of  equation  of  state  descriptions  using 
only  two  material  scales  that  give  some  basis  for  expecting  actual  first  order  matching  with  common 
metals.  The  equations  of  state  of  both  cadmium  and  zinc  do  give  first-order  matching,  more  so  for  the 
overall  dynamic  properties  than  for  the  detailed  properties  at  aunospheric  pressure  that  govern  static  tests. 
For  cadmium,  the  properties  predict  that  a  test  scaled  with  a  velocity  scale  reduced  by  a  factor  of  3.1  and  a 
mass  density  scale  increased  by  2.8  will  give  a  good  match  to  tests  in  aluminum.  Any  strength  scale  that 
is  important  in  the  lest  would  have  to  be  reduced  by  the  factor  of  3.4. 

With  additional  assumptions  about  the  governing  measure  of  part  of  the  problem,  such  as  impulsively 
loaded  failures  of  back  walls  in  shielding  designs,  the  requirement  to  scale  strength  values  of  the  back 
wall  may  be  eliminated  by  using  the  actual  prototype  material. 
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ABSTRACT 

Impact  experiments  were  conducted  which  employed  soda-lime  glass  projectiles  (50,  150,  1000  and 
3175  pm  in  diameter;  Dp)  and  aluminum  (1 100  series)  and  Teflon  (FEP)  targets  of  variable  thickness 
(T;  ranging  from  thick  infinite  halfspace  targets  Pp/T  <  0. 1]  to  foil  thicknesses  of  a  few  microns  Pp/T 
>  100]).  The  objectives  of  these  impact  experiments  were  to  determine,  at  constant  impact  velocity,  the 
relationships  between  the  diameter  of  the  resulting  penetration  hole  (Dh),  the  foil  thickness  (T)  and  the 
projectile  size  Pp).  We  found  that  Dh,  and  other  morphologic  features  such  as  rim  structures  in 
aluminum  or  spall  phenomena  in  Teflon  exhibit  a  systematic  relationship  to  the  target  thickness.  This 
relationship  is  described  by  polynomial  fits  which  permit  unique  solutions  for  unknown  projectile  sizes 
Pp)  from  the  measurement  of  T  and  Dh  on  space-exposed  surfaces. 


INTRODUCTION 

Reconstructing  the  size  of  a  projectile  from  measured  crater  or  penetration-hole  dimensions  on  siufaces 
tha.  were  exposed  in  low-Earth  orbit  PEO)  is  not  a  straightforward  task,  yet  it  is  critical  to  the 
understanding  of  the  collisional  hazards  to  spacecraft,  {e.g.,  Levine,  1992,  1993).  Projectile  masses 
vary  by  more  than  ten  orders  of  magnitude,  while  encounter  velocities  may  range  from  essentially  zero 
to  tens  of  km/s  at  arbitrary  impact  angles,  and  projectile  densities  can  range  from  <1  g/cm^  to  as  high 
as  8  g/cm^  (steel).  Even  if  reasonable  average  conditions  were  applied  to  any  set  of  measured  craters  or 
penetrations,  substantial  uncertainties  would  still  remain  in  deriving  projectile  sizes  and  masses 
because  the  critical,  initial  conditions  carmot  readily  be  duplicated  in  the  experimental  impact 
laboratory.  As  a  consequence,  an  apparent  discrepancy  exists  between  cratering  and  penetration 
formulas  when  interpreting  the  populations  of  impact  features  on  space-retrieved  surfaces. 

Specifically,  when  extracting  projectile  diameters  from  craters  and  penetrations  on  the  same  125  pm 
thick  aluminum  foils  from  the  Solar  Maximum  Mission  (SSM),  the  resulting  projectile  size  frequencies 
display  a  pronounced  offset  at  the  transition  from  cratering  to  penetration  regimes  (Warren  et  al, 
1989).  Similarly,  Humes  (1991)  reported  internal  inconsistencies  between  cratering  and  penetration 
formalisms  during  his  analysis  of  Long  Duration  Exposure  Facility  (LDEF)  surfaces.  Note  that  both 
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investigations  refer  to  aluminum  targets,  whose  impact  behavior  has  been  extensively  investigated  (e.g., 
Carey  era/.,  1985;  Cour-Palais,  1987;  Herrmann  and  Wilbeck,  1987). 

The  objective  of  this  study  was  to  experimentally  determine  the  relationship  between  the  penetration- 
hole  size  (Dh)  and  the  impactor  diameter  (Dp)  by  employing  targets  of  thickness  (T)  that  systematically 
ranged  from  infinite  halfspace  (Dp/T  «  1)  to  thin  films  (Dp/T  >  100).  This  wide  range  in  target 
thickness  not  only  permits  investigation  of  the  transition  between  the  cratering  and  penetration 
regimes,  but  it  also  enables  characterization  of  the  target  thickness  which  yields  Dh  =  Dp.  Thus,  such 
an  experimental  approach  corresponds  to  satellites/instruments  in  LEO  which  typically  expose 
materials  of  fi.xed  thicknesses  and  which  encounter  an  enormous  range  of  projectile  sizes,  as  evidenced 
by  substantial  populations  of  (small)  craters  and  (relatively  large)  penetration  holes  on  many  space- 
exposed  surfaces  (e.g.,  Warren  et  al.,  1989;  See  et  al.,  1990;  Levine,  1992,  1993). 


1.0  2.0  3.0  4.0  5.0  6.0  7.0 

RELATIVE  PENETRATION-HOLE  DIAMETER  (Dh/T) 


Fig.  1.  Typical  results  from  SMM  (Warren  et  al.,  1989)  and  LDEF  (See 
et  al.,  1990).  (A)  Penetration  of  a  125  pm  aluminum  louver  from 
SMM  (Dh  =  435  pm),  (B)  Frequency  distribution  of  normalized 
(Dh/T)  penetration-hole  diameters  in  the  SMM  louvers,  (C) 
LDEF  thermal  blanket.  Each  black  dot  represents  a  penetration, 
but  the  actual  penetration-hole  size  is  typically  order  of 
magnitude  smaller  than  the  low-aibcdo  ring  features;  ficld-of- 
view  =  -35  cm  (D)  Frequency  distribution  of  penetration  holes 
>300  pm  in  all  LDEF  blankets. 
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EXPERIMENTS 

The  rationale  for  selecting  the  specific  materials  employed  in  this  study  (i.e.,  annealed,  1 100  aluminum 
and  FEP  Teflon  as  targets  and  soda-lime  glass  spheres  as  projectiles)  is  as  follows: 

Aluminum  thin  films,  ~500-1000  A  thick,  are  being  contemplated  for  use  on  future  dust-collection 
instruments  on  the  Space  Station  Freedom  (CDCF,  1990).  However,  various  aluminum  materials  have 
already  been  exposed  and  returned  from  space  (e.g.,  Warren  et  al..  1989;  McDonnell,  1991;  Humes, 
1991;  H6rz  et  al..  1992a;  See  et  al..  1992).  Fig.  la  displays  a  typical  penetration  feature  on  a  SMM 
aluminum  louver,  while  Fig.  lb  shows  the  frequency  of  the  entire  population  of  penetration  holes 
observed  on  all  louvers,  where  the  hole  diameter  has  been  normalized  to  the  target  thickness  (125  pm; 
Warren  era/..  1989). 

On  LDEF,  a  specific  tjpe  of  protective  thermal  blanket  covered  ~20  m^  of  surface  area  and  represents, 
next  to  the  aluminum  surfaces  on  LDEF,  the  most  substantial  opportunity  to  characterize  the 
cumulative  particle  environment  in  LEO  at  constant  target  properties  (e.g..  See  et  al..  1990).  These 
blankets  consisted  of  an  ~125  pm  thick  outer  layer  of  Teflon,  backed  by  vapor-deposited  metal  mirrors, 
organic  binders  and  thermal  protective  paint  resulting  in  a  total  blanket  thickness  of  --180-200  pm.  We 
are  aware  that  pure  FEP  Teflon,  as  used  in  this  study,  may  be  a  somewhat  deficient  analog  to  these 
composite  LDEF  blankets,  but  we  consider  it  suitable  in  order  to  obtain  first  order  insights  into  Teflon's 
behavior.  Fig.  Ic  shows  a  typical  LDEF  thermal  blanket  containing  numerous  penetrations,  while  Fig. 
Id  plots  the  measured  frequency  distribution  of  all  penetrations  >300  pm  in  diameter  (See  et  al.,  1990), 
again  normalized  to  target  thickness  (180  pm). 

The  use  of  soda-lime  glass  projectiles  relates  to  the  dominance  of  natural  silicates  in  LEO,  at  least  for 
projectiles  10  to  500  pm  in  size,  as  demonstrated  by  the  chemical  analysis  of  projectile  residues  in 
LDEF  impact  craters  (Bernhard  et  al.,  1992).  Such  projectiles  also  reflect  our  primary  interests  which 
are  the  development  and  analysis  of  cosmic-dust  experiments.  Within  the  context  of  the  hypervelocity 
particle  environment  in  LEO,  our  silicate  impactors  also  provide  complementary  and  useful  contrast  to 
most  of  the  previous  and  ongoing  penetration  studies  which  generally  employ  metal  projectiles. 

An  important  part  of  understanding  the  wide  diameter  range  of  (LEO)  penetrations  in  targets  that  vary 
from  microns  to  millimeters  in  thickness  relates  to  an  understanding  of  the  effects  of  absolute  projectile 
size.  Cour-Palais  (1987)  demonstrated  that  there  is  a  modest  dependence  of  crater  diameter  (DJ  on 
absolute  projectile  size  (Dp).  Similar  dependency  may  exist  for  penetration  holes,  and  is  the  reason  why 
glass  spheres  50,  150,  1000  and  3 175  pm  in  diameter  were  employed. 


EXPERIMENTAL  RESULTS 

Projectile  velocities  for  the  aluminum-foil  experiments  ranged  from  5. 8-6.2  km/s,  with  the  majority 
clustering  between  5.9  and  6. 1  km/s;  we  refer  to  them  as  representing  a  nominal  6  km/s.  Similarly,  the 
Teflon-experiment  projectile  velocities  ranged  from  6.2-6.5  km/s,  with  the  majority  clustering  at  a 
nominal  6.3  km/s.  All  experiments  were  performed  with  a  5  mm  light-gas  gun  at  normal  incidence  to 
the  target  surface. 

Morphologic  Trends  in  Aluminum  Targets 

The  t>pcs  of  craters  and  penetration  holes  produced  by  soda-lime  glass  projectiles  in  aluminum  targets 
are  illustrated  in  Fig.  2.  Each  vertical  column  is  at  the  same  scale,  given  at  the  bottom.  Each  column 
is  arranged  such  that  the  "standard"  crater  (infinite  halfspace  target)  is  at  the  top,  with  target  thickness 
decreasing  downward.  The  actual  target  thickness  is  identified  for  each  image/experiment  by  the 
normalized  thickness  ratio  Dp/T.  When  comparing  absolute  and  relative  dimensions  a  convenient, 
internal  scale  is  presented  by  the  penetration  hole  in  the  thinnest  foil  (bottom),  which  approaches  or 
corresponds  to  the  condition  of  Dh  =  Dp.  For  clarity,  not  alt  experiments  are  illustrated. 
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It  can  be  seen  in  Fig.  2  that  craters  and  penetration  holes  found  in  massive  targets  (Dp/T  <  1)  possess 
t>pical  dimensions  measured  in  multiple  projectile  diameters.  As  increasingly  thinner  targets  are 
encountered,  the  hole  diameter  progressively  shrinks  until  sufficiently  thin  foils  permit  Dh  to  approach 
Dp;  this  typically  occurs  at  DpTY  >  50.  The  transition  from  cratering  to  penetration  events  is  gradual 
and  systematic,  as  arc  other  morphologic  changes.  This  systematic  behavior  must  be  viewed  as  a 
continuum.  This  conclusion  is  reinforced  when  examining  the  penetrations  in  cross-section,  as 
summarized  for  the  aluminum  targets  and  the  3175  pm  projectiles  in  Fig.  3. 

Note  in  both  Figs.  2  and  3  that  the  diameters  of  the  craters  and  penetrations,  if  measured  at  the  initial 
target  surface,  remain  essentially  constant  at  Dp/T  <  1.  The  penetrations  resemble  truncated  cratering 
events  in  that  the  flow  of  the  target  material  at  or  close  to  the  front  surface  responded  in  a  fashion 
t>pical  for  cratering.  If  anything,  the  diameters  measured  at  the  very  target  surface  arc  subtly  larger  for 
the  penetrations  at  Dp/T  <  1  compared  to  the  standard  crater  diameter,  suggesting  somewhat  increased 
lateral  flow  and  deformation.  While  these  crater  diameters  remain  relatively  constant,  the  diameter  of 
the  penetration  hole  (sec  Fig.  3)  undergoes  a  dramatic  change  from  sizes  smaller  than  Dp,  at  or  close  to 
the  ballistic  limit  (Dp/T  =  0.3),  to  dimensions  measured  in  multiple  projectile  diameters  at  Dp/T  >  0.35. 
Figure  3  also  shows  that  the  depth  of  the  crater  increases  when  incipient  spallation  occurs  and  that 
there  are  systematic  changes  in  the  slopc(s)  of  the  crater  walls  until  Dp/T  >  0.5  is  reached. 

Observations  of  the  witness  plates  associated  with  these  experiments  (Horz  et  ai,  1992b)  corroborate 
the  view  that  these  penetrations  represent  truncated  cratering  events  because  no  projectile  material 
reaches  the  witness  plate  until  Dp/T  >  0.6-0.7.  Without  exeeption,  this  projeetile  material  is  molten 
and  deposited  on  the  witness  plate  in  the  form  of  subtle,  webb-like  stringers.  These  melt  stringers 
appear  for  the  first  time  at  target  thicknesses  which  arc  thinner  than  the  depth  (P)  of  the  standard  crater 
(i.e.,  at  T  <  0.8P).  This  implies  that  in  spile  of  the  gaping  holes  at  Dp/T  =  0.4  to  0.6,  all  of  the 
projectile  is  entrained  in  cralcring-rclalcd  flows,  and  is  quantitatively  ejected  uprangc. 

Note  from  Figs.  2  and  3  that  it  takes  Dp/T  >  1  to  generate  penetration  holes  that  arc  smaller  in  diameter 
than  the  standard  crater,  regardless  of  where  the  actual  hole  diameter  is  measured  (at  the  target  surface 
or  at  the  narrowest  points).  This  decrease  in  Dh  is  systematically  related  to  T  until  a  threshold  foil 
thickness  is  reached  where  Dh  =  Dp  (sec  actual  measurements  below).  We  do  not  have  a  good  physical 
model  for  the  small  penetrations  in  thin  targets  (Dp/T  »  1).  Obviously,  progressively  thinner  targets 
will  lead  to  increasingly  shorter  arrival  times  of  the  rarefaction  waves  from  the  rear  surfaces  {e.g., 
Gchring,  1970).  The  rarefaction  waves  will  terminate  any  incipient  cratering  flow  at  increasingly 
earlier  times,  thereby  arresting  radial  crater  growth. 

The  morphology  and  dimensions  of  the  crater  lips  develop  in  a  fashion  that  is  sy  stematically  related  to 
the  target  thickness  as  well.  The  lip  diameter,  measured  from  crest  to  crest  (Figs.  2  and  3),  can  be 
modestly  larger  at  Dp/T  <0.5  than  that  of  the  standard  crater,  yet  it  systematically  decreases  with 
decreasing  foil  thickness.  Furthermore,  the  average  c.xtcnt  of  the  entire  lip  (Dj;  average  periphery  to 
periphery  diameter  accounting  for  the  lobatc  nature  of  the  lip  by  multiple  diameter  measurements) 
systematically  decreases  as  T  decreases,  as  does  the  height  of  the  lip  above  the  original  target  surface. 
In  summary,  the  detailed  lip  morphology  is  also  a  sensitive  indicator  for  scaled  dimensions  (Dp/Tj  and 
is  an  auxiliary  criterion  to  aid  in  solving  for  Dp  (HOrz  et  al.,  1992b). 

Finally,  Fig.  2  illustrates  that  the  above  described  morphologic  continuum  applies  to  impact  events  of 
dramatically  different  sizes,  having  employed  projectiles  that  differed  in  diameter  by  almost  two  orders 
of  magnitude.  These  observations  provide  substantial  confidence  in  the  linear  scaling  of  dimensional 
relationships  to  cither  smaller  or  larger  projectile  sizes  and/or  to  thinner  or  thicker  targets.  In  detail, 
and  as  described  in  Horz  et  al..  (1992b),  the  crater  diameters  at  very  small  scales  (Dp  =  50  pm)  seem 
relatively  smaller  than  those  produced  by  millimeter-sized  impactors,  consistent  with  the  observations 
of  Cour-Palais  (1987).  In  contrast,  the  penetration  holes  produced  in  very  thin  foils  (Dp/T  >  20)  by  50 
pm  impactors  arc  subtly  larger  than  their  counterparts  from  large  projectiles.  Thus,  there  is  evidence  of 
subtle,  scale-dependent  phenomena  in  our  aluminum  penetration  experiments  (Hdrz  et  al..  1992b). 
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hlorphologic  Trends  In  Teflon  Targets 

Teflon  responds  to  shock  stresses  largely  by  brittle  failure  yielding  crater  and  penetration-hole 
morphologies  that  differ  dramatically  from  those  of  the  1 100-series  aluminum.  Fig.  4  summarizes  the 
crater  and  penetration-holes  produced  by  j175  and  1000  pm  diameter  glass  projectiles  into  Teflon.  A 
few  e.xpcrimcnts  which  employed  150  pm  diameter  projectiles  e.xist,  but  are  not  illustrated.  Fig.  5 
shows  the  cross-sections  of  penetrations  in  Teflon  targets  resulting  from  3175  pm  glass  projectiles. 
Akin  to  Figs.  2  and  3,  the  penetration  holes  in  the  thinnest  targets  of  Fig.  4  and  the  Dp/T  =  1  case  in 
Fig.  5  represent  convenient  scales  for  projectile  dimensions. 

Referring  to  Figs.  4  and  5  we  obser\e  that  Teflon  undergoes  significant  spallation  on  both  the  front  and 
rear  surfaces.  Furthermore,  the  "standard"  crater  in  Teflon  (e.g.,  Dp/T  =  0.125  for  Dp  =  3175  pm)  is 
difficult  to  precisely  define  because  of  the  highly  inegular  fashion  in  which  Teflon  tends  to  fail.  The 
walls  and  bottoms  of  the  craters  are  formed  by  highly  irregular  protrusions  that  are  associated  with  a 
substantial  set  of  radial  cracks  w  hich  approach  a  crater  radius  in  length.  Nevertheless,  the  overriding 
impression  from  Figs.  4  and  5  is  again  one  of  continuous,  systematic  and  gradual  changes  of  all 
morphologic  elements  with  decreasing  target  thickness.  The  general  conclusion  seems  inescapable  that 
penetration  holes  are  systematically  related  to  Dp/f,  no  matter  what  target  material,  and  that  they  form 
a  morphologic  continuum  over  a  w  ide  range  of  Dp/T,  including  a  smooth  transition  from  cratering  to 
penetrations  in  massive  targets. 

The  geometry  of  the  rear-surface  spall  zone  in  Teflon  is  fairly  constant  for  the  more  massive  targets 
(see  Fig.  5).  For  e.xpcrimcnts  with  Dp/T  <  0.75,  the  spalls  appear  to  truncate  a  full  crater  at 
increasingly  shallower  depth  (relative  to  the  target's  front  surface).  Note  that  most  of  the  penetrations 
ha\e  wedge-shaped  cross-sections.  The  crater  walls  are  prominent  at  Dp/T  <  0.25,  yet  they  are 
gradually  being  replaced  by  free  surfaces  associated  with  spall  processes  emanating  from  the  rear  (Dp/T 
>  0.25-0.5).  Apparently,  an  increasingly  larger  fraction  of  the  total  target  cavity  is  being  generated  by 
the  removal  of  material  from  the  rear  as  Dp/T  increases  from  ~0.2  to  0.5.  These  observations  extend 
our  general  view'  that  penetrations  of  massi\  e  targets  reflect  truncated  cratering  events. 

Referring  to  Fig.  4  we  also  note  that  the  average  diameter  of  the  front  spall  zone  (Dg;  obtained  from 
multiple  measurements  of  their  irregular,  scalloped  diameter)  stays  relatively  constant  at  all  Dp/T  < 
0.75,  resembling  that  of  the  standard  crater.  Again,  similar  to  the  crater  lips  in  aluminum,  subtle 
increases  of  Dg  seem  typical  for  penetrations  at  Dp/T  =  0. 15-0.5.  Substantial  decreases  of  Dg  occur  at 
Dp/T  >  0.75  which  is  simultaneously  accompanied  by  a  rapid  decrease  of  relative  spall  width  (Dg/Dh). 
Rear-surface  spallation  processes  arc  already  occurring  in  the  Teflon  targets  at  Dp/T  =  0.15,  and  are 
substantial  at  Dp/T  >  0.2.  Note  in  Fig.  5  that  at  Dp/T  =  0.2-0.5,  the  rear-surface  spallation  can  be 
substantially  more  pronounced  than  that  associated  with  the  front  side.  Specifically,  over  a  relatively 
narrow  range  of  target  thickness  (Dp/T  =  0.2-0.3).  the  rear-surface  spall  diameters  are  substantially 
larger  than  D.,  and  go  through  a  maximum  at  Dp/T  =  0.2-0.3.  Furthermore,  the  rear-surface  spallation 
at  Dp/T  >  0.5-0. 7  is  so  prominent  that  it  controls  the  phy  sical  size  of  the  penetration  hole,  producing  a 
distinct  maximum  for  Dh  at  Dp/T  >  0. 6-0.7,  a  phenomena  which  was  verified  and  reproduced  by  a 
number  of  duplicate  experiments. 


CRATER  AND  HOLE  Dl/VMETER  MEASUREMENTS 

Detailed  measurements  of  the  crater  diameter  (D^,  wall  intercept  with  the  target  surface),  the  rim- 
diameter  (Dr,  rim-crest-to-rim-crest).  the  of  lip  width  (D|.  average  radial  extend  of  lobate  and  irregular 
periphery  of  lips)  and  the  hole  diameter  (Dj,.  smallest  physical  hole  size)  for  all  aluminum  targets  are 
described  by  Hbrz  et  al.  (1992b).  Comparable  data  was  obtained  for  the  Teflon  targets  (e.g.,  D^,  Dh, 
D.s)  However,  we  only  present  Dh  measurements  below,  because  they  represent  the  most  prominent 
feature  of  thin  targets  and  because  they  frequently  constitute  the  only  measurement  obtained  in 
sxsicmatic  fashion  from  space-exposed  surfaces  (e  g..  See  el  al..  1990). 


Fiji  4  1  he  morphology  of  craters  and  penetration  holes  in  Teflon  targets 
with  relative  target  thickness  (Dp/T)  svstcmatically  decreasing  in 
vertical  order  (Lcfll  and  middle:  Dp  =  3175  pm  at  '4)  3  km/s; 
light  Dp  ^  1000  ftm  at  -  5.9  km/s;  Dh  s  Dp  for  the  thinnest  foils). 
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As  can  be  seen  in  Fig.  6,  the  size  of  the  penetration  hole  in  both  materials  is  systematically  related  to 
the  target  thickness.  In  fact,  the  plot  is  purposefully  designed  to  serve  as  a  "calibration  curve"  for  the 
determination  of  an  unknown  Dp  from  measurable  dimensions  (Dh  and  T)  on  space-exposed  targets. 
Assuming  some  unit  velocity,  such  as  the  experimental  6  km/s,  one  may  obtain  unique  solutions  of  Dp 
for  individual  penetrations.  This  is  a  substantial  improvement  over  previous  efforts  that  largely 
employed  ballistic-limit  considerations  and  that  could  only  define  a  minimum  projectile  size,  leading  to 
cumulative  statements  that  all  penetrations  must  have  been  caused  by  projectiles  larger  than  this 
threshold  impactor. 


RELATIVE  HOLE  DIAMETER  (Dhn") 

Fig,  6.  Plot  of  penetration-hole  diameters  (Dh)  in  (A)  aluminum  and  (B) 

Teflon  targets  plotted  as  a  function  projectile  diameter  (Dp),  both 
normalized  to  target  thickness  (T). 

Note  from  Fig.  6  that  experiments  conducted  with  a  wide  range  of  projectiles  sizes  combine  to  define  a 
single  curve,  the  form  of  which  is  similar  for  both  the  aluminum  and  Teflon  targets.  This  validates  the 
scaling  of  target  and  penetration-hole  dimensions  as  a  suitable  approach  to  solve  for  first-order 
projectile  dimensions  from  the  measurements  of  Dh  and  T  on  space-exposed  (aluminum  and  Teflon) 
targets  that  may  be  substantially  thinner  or  thicker  than  those  employed  in  these  experiments.  We  have 
performed  various  curve-fitting  procedures  and  find  that  a  polynomial  fit  of  the  form  logio  y  =  ao  + 
ai(logiox)  +  aaflogiox)^  +  a3(logiox)^  +  an(logiox)"  (where  y  =  Dp/T  and  x  =  Dj/r)  best  describes  and 
generalizes  our  e.xperimental  results  (as  summarized  in  Table  1). 

TABLE  1.  Coefficients  for  the  formula  (see  above)  that  best  describe  the 
curve  fits  to  the  data  plotted  in  Fig.  6. 

ao  ai  a2  a3  04  as  a^  a7  ag 

ALUMINUM  (1100)  -0,458  0.175  1,008  1.199  -1.131  -0.800  1.152  -0.434  0.546 

TEFLON  (FEP)  -0.485  0.667  0.562  -0.230  0.518  0.021  -0.661  0.415  -0.075 
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DISCUSSION 

This  is  an  experimental  efTort  aimed  at  delineating  the  transition  between  cratering  and  penetration  in 
aluminum  and  Teflon  targets,  as  well  as  at  improving  the  more  general  understanding  of  penetrations 
of  thin  targets,  including  the  ultra-thin  case  where  penetration-hole  dimensions  mimic  those  of  the 
projectile.  The  motivation  for  such  clTorts  evolved  from  the  analysis  of  space-ex-posed  surfaces,  both 
present  and  future.  Detailed  comparison  with  previous  work  exceeds  the  scope  of  this  report,  especially 
since  we  are  not  aware  of  other  penetration  experiments  ntilizing  Teflon  targets. 

Some  comparisons  with  existing  aluminum  data  were  offered  by  Hbrz  et  al.,  (1992b).  Generally,  after 
adapting  existing  formalisms  to  the  present  experimental  conditions  (i.e.,  glass  projectiles  at  ~6  km/s), 
the  aluminum  results  agree  to  the  first  order  with  previous  efforts  (Maiden  et  al.,  1963;  Nysmith  and 
Denardo,  1969;  Pailcr  and  Grun,  1980;  or  the  summary  of  Carey  et  al.,  1985).  Nevertheless  existing 
penetration  formulas  may  disagree  by  50%  (cither  too  large  or  too  small)  in  the  determination  of  Dp,  at 
Dp/T  =  1-10.  Application  of  existing  data  to  massive  targets  (Dp/T  <  0.7)  can  yield  discrepancies  as 
large  as  a  factor  of  two  in  Dp,  and  still  larger  discrepancies  with  some  models  are  noted  at  Dp/T  >  20. 
The  best  agreement  of  our  data  w  ith  that  of  others,  over  most  of  the  target  thicknesses  employed  in  this 
study,  is  with  Maiden  et  al.,  (1963)  and  Carey  et  al.,  (1985). 

Extensive  comparison  with  previous  work  is  not  warranted  because  our  current  data  only  pertain  to  a 
constant  impact  velocity,  thus  prohibiting  tests  of  and  comparisons  with  previous  suggestions  regarding 
velocity  scaling,  which  is  a  crucial  and  integral  aspect  in  the  interpretation  of  penetration  features  on 
space-exposed  surfaces.  Without  question,  we  must  perform  duplicate  experiments  over  as  wide  a 
range  of  velocities  as  possible  before  formulating  generalizations  of  space-produced  penetrations,  most 
of  w  hich  result  from  projectiles  traveling  at  >10  km/s.  However,  on  the  basis  of  our  present  data,  we  do 
suggest  that  penetrations  of  relative  dimensions  Dh  <  T  should  be  considered  as  truncated  craters. 
Consequently,  these  penetrations  may  be  interpreted  with  suitable  crater-scaling  laws,  including 
applicable  velocity  scaling,  with  the  proviso  that  the  impact  feature  was  characterized  by  Dc  rather  than 
by  Dh-  On  the  other  hand,  tiie  ease  of  ultra-thin  foils,  yielding  Dh  =  Dp,  most  likely  displays  little,  if 
any,  velocity  dependence.  Therefore,  penetrations  of  targets  possessing  relative  thicknesses  between  the 
limiting  cases  of  truncated  craters  in  massive  targets  and  the  Dh  =  Dp  case  for  very  thin  films  must  have 
velocity  exponents  that  vary  as  a  function  of  foil  thickness. 

Lastly,  we  return  to  Figs,  lb.  Id  and  6  all  plotting  penetration-hole  diameters  normalized  to  the  target 
thickness.  Note  that  the  vast  majority  of  space-retrieved  penetrations  (Fig.  1)  have  normalized 
diameters  Dj/T  <  5.  Therefore,  they  fall  e.xactly  into  that  category  of  Dj/T  values  in  Fig.  6  for  which 
we  suggest  appreciable  differences  with  cratering  equations,  as  well  as  substantial  deviations  from  the 
simple  assumption  of  Dh  =  Dp.  These  observations  emphasize  the  need  for  a  more  detailed 
understanding  of  penetration  processes,  both  experimental  and  theoretical,  to  properly  interpret  the 
majority  of  targets  that  were  penetrated  by  natural  or  man-made  h>pervelocity  particles  in  near-Earth 
space. 
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ABSTRACT 

Man-made  orbital  debris  has  increased  in  number  so  that  it  poses  a  potential  barrier  to  the  exploration 
of  space.  The  ever-increasing  number  of  objects  in  space  has  created  an  increasing  hazard  to  all 
spacecraft,  including  manned  shuttles,  unmanned  satellites,  and  manned  space  stations.  Although 
international  efforts  are  underway  to  reduce  the  proliferation  of  space  debris,  the  number  of  objects 
continues  to  climb. 

The  majority  of  debris  tracked  by  earth  observation  is  classed  either  as  "operational  debris"  (spent 
boosters  and  satellites,  discarded  hardware  from  manned  flight,  etc.)  or  as  "fragmentation  debris"  (debris 
created  by  explosions  aboard  boosters  or  satellites  or  by  impacts  between  objects  in  orbit).  While  there 
is  considerable  information  available  about  operational  debris,  statistics  on  fragmentation  debris  are  more 
suspect,  since  it  is  difficult  to  predict  with  any  accuracy  the  fragments  resulting  from  an  explosion  or 
impact  on  a  space  structure. 

As  realization  of  the  importance  of  the  problem  grows,  the  hypervelocity  launcher  and  impact 
communities  are  becoming  increasingly  involved.  This  paper  defines  the  major  problems  to  be  solved 
and  outlines  the  requirements  for  launchers,  diagnostics,  and  modeling.  A  new  U.S  space  program  to 
model  the  fragmentation  of  satellites  impacted  by  space  debris  is  described.  The  results  of  tests  against 
actual  satellites  are  described  in  terms  of  their  importance  to  the  modeling  effort. 

BACKGROUND 

Space  voyagers  of  the  late  1950’s  and  early  1960’s  were  concerned  that  the  meteorite  flux  in  near-Earth 
and  trans-lunar  space  might  be  sufficiently  high  that  spacecraft  would  be  in  great  danger  of  being  struck 
and  destroyed  (Charters,  1964;  Bjork,  1961).  Pre-1963  estimates  of  the  meteoroid  flux  (Fig.  1)  and 

data  returned  from  the  Explorer  XVI  spacecraft  were  cause  for  concern  among  spacecraft  designers. 
Sufficient  data  existed  on  the  effects  of  hypervelocity  impact  on  lightweight  structures  to  indicate  that 
even  very  small  particles  represented  a  danger  to  spacecraft  and  satellites  (Eichelberger  and  Gehring, 
1962;  Herrmann  and  Jones,  1961;  Komhauser,  1960;  Christman  and  McMillan,  1966) 
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EXPLORER  XVI  DATA 


METEOROID  FLUX  ESTIMATES,  PRE  1963 
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Fig.  1 .  Early  data  suggested  a  significant  hazard  to  spacecraft. 


At  the  request  of  NACA  (NASA’s  predecessor),  an  effort  was  begun  to  design  lightweight  shields  for 
spacecraft,  utilizing  the  hypervelocity  guns  that  had  been  developed  for  the  anti-lCBM  program 
(Charters,  1960).  Thus  was  created  the  "Whipple  Bumper",  named  for  Fred  C.  Whipple  of  Harvard 
University,  its  originator  (Whipple  and  Hughes,  1955;  Whipple,  1963)  (Fig.  2).  This  concept  of 
shattering  the  incoming  particle  into  small  pieces  with  an  externally-mounted  shield  and  thus  spreading 
the  impulse  over  a  large  area  of  the  spacecraft  skin  has  persisted,  in  many  forms,  to  this  day  (Maiden 
et  al,  1963;  Cour-Palais,  1979;  Olsen  and  Nolan,  1992;  Hertel  et  al,  1991). 


Fig.  2.  Spacecraft  shield  design  became 
an  active  area  of  research. 


With  the  advent  of  man  into  space,  however,  statistics  from  satellites  soon  proved  that  the  likelihood  of 
meteorite  impact  was  small.  Note  the  decrease  in  measured  flux  shown  in  Fig.  3  (Grun  et  al,  1985). 
Decisions  were  made  early  in  the  manned  spaceflight  program  not  to  employ  external  shields  in  space 
module  design. 

By  the  1970’s,  interest  (and  funding)  had  waned  considerably  for  hypervelocity  impact  studies  relating 
to  protecting  spacecraft.  Interest  in  hypervelocity  impact  for  use  as  a  warhead  mechanism  for  ABM 
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•  Lower  values  for  meteoroid  flux 
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Fig.  3.  During  the  late  1960's  and  early  1970’s,  new  data  indicated  a  lesser  hazard  existed. 

Interest  (and  funding)  in  hypervelociiy  research  waned. 

systems  also  declined  because  of  the  inability  of  early  projectile  guidance  systems  to  intercept  incoming 
reentry  vehicles  with  miss  distances  measured  in  meters.  The  effect  of  lack  of  accuracy  was  to  increase 
the  size  of  the  fragmenting  warhead  and  thus  the  size  and  cost  of  the  missile.  As  a  result,  the  U.S.  anti- 
ballistic  missile  developers  considered  for  a  time  equipping  their  missiles  with  nuclear  warheads,  where 
larger  miss  distances  were  acceptable. 


THE  SITUATION  CHANGES 

The  reduced  interest  in  hypervelocity  impact  phenomena  remained  until  the  1980’s,  when  the  situation 
changed  substantially.  First,  guidance  system  technology  improved  to  the  point  where  fragmenting 
warhead  and  hit-to-kill  projectiles  became  feasible  for  ballistic  missile  defense.  This  increased  capability 
produced  a  vigorous  program  under  the  Strategic  Defense  Initiative  to  understand  how  enemy  missiles 
and  reentry  vehicles  could  be  destroyed  by  ground  and  space-based  kinetic  energy  weapons. 

Second,  because  man-made  debris  in  space  had  increased  dramatically,  the  likelihood  of  a  dangerous 
encounter  in  space  became  a  subject  of  worldwide  concern.  Figure  4  presents  a  1976  estimate  of  the 
expected  increase  in  orbital  debris,  assuming  an  input  rate  of  510  fragments  per  year  and  neglecting 
fragment  demise  by  reentry  into  the  atmosphere  occasioned  by  atmospheric  drag  (Kessler  and  Cour- 
Palais,  1978).  The  probability  that  a  spacecraft  might  be  damaged  by  the  impact  of  orbital  debris  could 
no  longer  be  ignored. 

As  the  fragment  population  continued  to  increase,  a  new  phenomenon  was  postulated  to  occur,  further 
exacerbating  the  problem.  In  a  process  termed  "cascading",  impacts  between  fragments  in  orbit  create 
many  more  fragments.  Figure  5  indicates  that,  even  if  no  new  fragments  are  added  (0%  increase  line), 
the  total  population  continues  to  grow  (Su,  1985).  Moreover,  if  even  a  modest  5-10%  per  year  increase 
occurs  in  the  number  of  new  objects  added  to  orbit,  the  population  can  grow  geometrically,  making 
space  exploration  a  risky  business,  indeed. 

(It  should  be  noted  here  that  there  remains  disagreement  within  debris  growth  modelers  on  the  statistics 
and  severity  of  the  problem  of  debris  cascading.) 

Space  debris  thus  became  a  matter  of  international  concern  and  international  agreements  were  accorded 
to  mitigate  the  proliferation  of  new  objects  in  space.  A  resurgence  of  interest  soon  followed  in 
hypervelocity  impact  phenomenology  for  spacecraft  shields  and  for  techniques  to  mitigate  and  clean  up 
the  orbital  debris  environment. 
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Fig.  4.  In  the  1980's,  the  situation  changed  as  man-made 
debris  in  space  increased  dramatically. 


Fig.  5.  A  1989  estimate  by  NASA  indicated  that  collisions  between  debris  in  orbit  could 
cause  a  geometrical  increase  in  numbers  of  fragments. 

The  decade  of  disinterest  has  taken  its  toll,  however.  Because  of  current  inadequacies  in  both 
experimental  and  calculational  capabilities,  hypervelocity  impact  researchers  presently  have  only  limited 
means  to  conduct  the  necessary  research.  National  and  international  programs  have  been  initiated  to 
close  the  technology  gap.  These  programs  are  being  directed  toward; 

A  more  fundamental  understanding  of  the  fragmentation  process,  including  the  development  of 
the  capability  to  predict  the  number,  size,  velocity,  and  direction  of  fragments, 
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The  development  of  launchers  and  diagnostics  capable  of  simulating  and  recording  impacts  in 
the  10-15  km/s  range, 

An  understanding  of  the  results  of  fragment  impact  on  spacecraft  so  that  efficient  shields  can 
be  constructed. 

This  paper  discusses  the  requirements  for  research  into  the  growing  problem  of  space  debris,  the  new 
launchers  and  diagnostic  systems  to  be  brought  to  bear,  and  the  status  of  the  impact  and  breakup  models 
that  will  be  used  to  predict  the  generation  and  spread  of  debris  in  space.  The  paper  begins  with  a 
definition  of  the  debris  environment  and  the  experimental  and  calculational  capabilities  required  to 
conduct  research. 

DESCRIPTION  OF  THE  PROBLEM 

There  has  always  been  a  flux  of  particles  passing  near  the  Earth.  These  meteoroids  arise  from  several 
sources  -  asteroids,  cometary  debris,  and  occasional  interstellar  particles.  Since  the  beginning  of  the 
"Space  Age",  however,  there  has  been  an  enormous  increase  in  the  number  of  particles  large  enough 
to  do  serious  damage  to  space  assets  -  1  cm  or  more  in  size. 

The  problems  before  the  space  community  are  therefore,  "Can  lightweight  shields  be  designed  to  counter 
the  threat?  Can  the  threat  be  mitigated  or  eliminated?" 

The  corresponding  problems  before  the  hypervelocity  impact  community  are,  "Can  predictions  be  made 
of  the  generation  and  propagation  of  space  debris?  Can  the  insight  from  this  community  into 
hypervelocity  phenomena  and  fragmentation  of  structures  be  used  to  devise  shields,  fragmentation 
mitigators,  and  debris  cleanup  methods?" 

There  remains  the  question  of  how  accurate  the  predictive  models  and  data  need  to  be,  especially  for 
very  small  particles.  There  seems  to  be  consensus  in  the  space  debris  community  that  the  range  of 
greatest  interest  is  for  fragments  1  mm  to  10  cm  in  length.  While  the  numbers  of  objects  in  space 
undoubtedly  continues  to  increase  as  fragment  size  decreases,  shielding  for  debris  <  1  mm  is  possible. 
Conversely,  while  weight-effective  shielding  for  fragments  >  10  cm  is  not  likely  to  be  available  in  the 
near  term,  the  number  of  fragments  and  their  probability  of  striking  a  space  asset  is  now  quite  small. 

Figure  6  depict  the  locations  of  orbital  debris,  as  seen  from  near  Earth  and  from  near  geosynchronous 
orbit  (Teledyne-Brown  Engineering,  1988).  They  comprise  some  7,000  objects  with  dimensions  greater 
than  about  10  cm  and  many  more  objects  too  small  to  be  tracked  from  ground  stations.  Figure  7  shows 
the  growth  vs  time  for  these  objects  over  the  thirty  year  period  1960-1990. 
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Fig.  6.  The  debris  population  is  most  extensive  in  near  Earth  orbits,  but  includes  a  sizeable 
number  of  extremely  long-lived  fragments  in  geosynchronous  orbit. 
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Fig.  7.  Growtl  of  NORAD  Cataloged  Objects  >  10  cm  in  Size  over  the  Period  1960-1990. 


A  1990  assessment  of  hazards  to  spacecraft  (objects  >  1  cm  in  size)  estimated  that  natural  hazards  and 
operational  payloads  comprise  only  7  %  of  the  total  number  of  objects  in  orbit,  while  operational  debris 
and  fragmentation  debris  account  for  50%  and  40%,  respectively. 

Orbital  debris  is  thought  to  originate  from  two  main  sources.  First,  propellants  left  aboard  spent 
boosters  and  satellites  can  leak  past  seals,  resulting  in  an  energetic  hypergolic  reaction  which  fragments 
the  spacecraft.  Second,  fragment-satellite  and  satellite-satellite  impacts  fracture  create  substantial  debris. 
Thousands  to  millions  of  particles  are  created  by  these  scenarios. 

In  order  to  determine  solutions  to  the  problem  of  orbital  debris,  it  is  necessary  to  understand  the 
fragmentation  processes  in  sufficient  detail  to  be  able  to  predict  the  statistics  of  debris  generation.  At 
present,  both  explosive  fragmentation  and  impact  fragmentation  stress  the  ability  to  perform  such 
predictions. 

The  estimated  relative  impact  velocity  distribution  for  debris  impact  on  objects  in  a  space  station  orbit 
is  shown  in  Fig.  8  (Mog,  1990).  The  probability  distribution  peaks  at  ~  13  km/s,  making  it  necessary 
to  extrapolate  test  results  by  nearly  a  factor  of  two  in  velocity,  since  current  launchers  are  limited  to  6-8 
km/s  for  projectiles  of  substantial  mass  (  >  30  g). 

The  problem  is  made  even  more  difficult  by  the  fact  that  secondary  debris  fragments  undergo  changes 
in  phase  from  solid  to  melt  to  vapor  as  the  impact  velocity  is  increased  over  the  range  of  interest. 
Inaccuracies  in  the  formulations  of  three  phase  equations  of  state  make  the  predicuon  of  impact  damage 
even  more  uncertain. 


REQUIREMENTS  FOR  TESTING 

For  an  adequate  space  debris  program  it  will  be  necessary  to  provide  launch  capabilities  over  the  entire 
mass-velocity  range  of  concern  to  the  orbital  debris  community.  Figure  9a  demonstrates  the  parameter 
space  required  to  be  covered.  When  contrasted  with  the  current  capabilities  of  modem  launch  systems 
(Fig.  9b),  the  problem  becomes  clear. 
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Fig.  8.  Estimated  Engagement  Conditions  for  Space  Station  Orbit. 
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Fig.  9a  Fig.  9b 

Fig.  9.  Comparison  of  Mass-Velocity  Launch  Requirements  for  Space  Debris  Studies 
with  the  Capabilities  of  Various  High  velocity  Launchers. 


While  electrostatic  and  plasma-drag  launchers  cover  the  appropriate  velocity  range,  only  the  lowest  mass 
range  is  covered.  In  addition,  particles  launched  by  these  facilities  are  primarily  spherical,  while  orbital 
debris  fragments  are  generally  more  plate-like.  It  has  been  shown  that  flat  plate  fragments  can  cause 
substantially  more  damage  than  spheres  of  an  equal  mass  (see,  for  instance,  Chhabildas  et  al,  1991a). 

Light  gas  guns,  the  mainstay  of  hypervelocity  impact  testing,  can  launch  fragments  of  the  required  sizes 
and  shapes,  but  only  at  velocities  of  6-8  km/s,  leaving  unexamined  the  most  damaging  and  most  difficult 
to  calculate  regions  of  parameter  space. 

Thus,  the  requirements  for  testing  will  stress  the  current  state  of  the  art  in  most  areas  of  hypervelocity 
reseaich.  Certain  advances  must  be  made: 

The  velocity  range  must  be  extended  to  12-15  km/s.  Because  of  current  weaknesses  in 
fragmentation  models,  data  obtained  on  complex  structures  at  6-8  km/s  usually  cannot  be 
extrapolated  with  confidence  to  much  higher  velocities. 
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Since  fragment  shape  can  have  an  influence  in  satellite  penetration  and  fragmentation,  irregular 
fragments  must  be  launched  which  simulate  the  actual  debris.  This  requirement  and  the 
requirement  for  fragment  impacts  at  specified  angles  are  difficult  for  current  launch  systems. 

The  necessity  of  determining  the  vulnerability  to  impact  of  ha2ardous  energetic  materials  will 
require  .specialized  impact  chambers,  capable  of  testing  hypergolic  and  non-hypergolic  liquid 
and  solid  propellants  and  pressurized  batteries,  gas  bottles,  and  fuel  cells. 

Actual  satellites  should  be  tested,  if  possible.  Current  tests  on  mock,  full  scale  satellites  have 
demonstrated  that,  for  .satellites  with  complex  geometries  and  filled  interiors,  many  more 
fragments  are  created  by  impact  than  for  a  simplified  mockup. 

If  actual  satellites  are  to  be  impacted,  impact  chambers  of  large  dimensions  must  be  available. 
Current  impact  chambers  are  limited  to  .structures  of  approximately  two  meters  in  length.  If 
scaled  models  are  to  be  used,  it  must  be  shown  that  the  fragment  statistics  are  accurate. 

For  future  use  on  .satellites  and  .space  stations,  on-orbit  debris  sensors  must  be  developed  that 
are  capable  of  remotely  sensing,  recording,  a.ssessing,  and  communicating  information  on 
(Mtential  debris  impacts  in  near  real-time. 

The  impact  testing  program  will  require  a  large  number  of  tests,  because  of  the  inherently 
statistical  nature  of  the  problem.  Lowered  launcher  costs  are  desirable,  a  requirement  which 
runs  counter  to  the  need  for  higher  velocities. 

Details  of  the  impact  process  must  be  measured  on  very  complex  targets.  Typically, 
hypervelocity  impact  experiments  have  been  made  on  idealized  targets,  where  access  for  optical 
and  electronic  measurements  has  been  relatively  ea.sy,  and  where  x-rays  can  penetrate  through 
the  target,  revealing  details  of  interactions.  The.se  procedures  must  now  be  adapted  to  targets 
in  which  complex,  multiple-dimension  interactions  make  many  currently  used  x-ray  systems, 
gages,  and  sensors  inapplicable. 

Debris  recovery  and  tracking  techniques  are  fundamental  to  the  success  of  the  debris  program. 
In  general,  the  current  soft  recovery  techniques  are  insufficient  to  determine  the  fragment 
numbers,  directions,  and  velocities.  New  techniques  and  adaptations  of  previous  techniques  are 
being  developed. 


While  this  is  an  imposing  list  of  deficiencies,  solutions  to  most  or  all  of  the  problems  described  above 
have  been  propo.sed.  Some  of  the.se  .solution.s  are  described  below. 


ADVANCES  IN  LAUNCH  SYSTEMS 

Papers  presented  at  the  1992  Hypervelocity  Impact  Symposium  show  promise  of  launchers  attaining  the 
requisite  velocities  and  ma.s.ses. 

The  three  stage  light  gas  gun  at  Sandia  National  Laboratories  (Chhabildas,  1991b^  launches 
1  gram,  thin  flat  di.scs  at  velocities  over  12  km/s,  with  the  possibility  of  launching  both  higher 
masses  (to  .several  grams),  at  higher  velocities  (to  14  km/s),  and  with  projectiles  of  lower  L/D. 

Shaped  charge  launchers  have  been  able  to  reach  the  appropriate  velocities  for  several 
decades,  although  they  produce  multiple  projectiles  with  rather  ill-defined  shapes  and  mas.ses. 
Both  eccentrically-initiated  and  inhibited  shaped  charge  designs  are  now  available  which 
separate  the  first  fragment  from  the  remainder  of  the  jet,  making  these  techniques  more 
applicable  and  thus  more  attractive  (Held,  1992a;  Walker  et  al,  *992).  Shaped  charges  are 
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currently  capable  of  launching  10  gram  fragments  at  10-11  km/s.  Scaling  of  these  devices  to 
100  gram  fragments  at  similar  or  slightly  higher  velocities  appears  feasible  (Held,  1992b). 

Plasma-drag  devices,  which  have  been  used  extensively  for  space  debris  studies  at  microgram 
masses  (Igleseder  and  Igenbergs,  1989)  may  also  be  capable  of  achieving  somewhat  higher 
masses,  using  a  first  stage  injection  device  (Igenbergs,  1992). 

Electromagnetic  launchers,  while  holding  great  promise  for  achieving  the  requisite  velocities 
have,  as  yet,  been  unable  to  perform  launches  of  greater  than  6-8  km/s.  Funding  for  achieving 
still  higher  velocities  is  currently  in  the  decline,  with  efforts  being  primarily  devoted  to 
velocities  <5  km/s. 

"Electric  guns"  throwing  thin,  flat  sheets  of  dielectric  material,  can  reach  (and  exceed)  the 
necessary  velocity  range  for  space  debris  studies  (Osher  et  al,  1989).  While  testing  with  these 
launchers  will  be  valuable,  their  applicability  is  limited  by  their  inability  to  launch  "typical" 
debris  materials  and  shapes. 

Electrostatically-launched  particles  have  been  measured  with  velocities  >  100  km/s  (Keaton 
et  al,  1989).  Particle  masses,  however,  are  in  the  range  of  femtograms  to  micrograms.  Useful 
phenomenology  studies  are  possible  with  this  technique  and,  if  scaling  studies  indicate  a 
relationship  with  the  much  larger  particles  of  interest  to  space  debris,  the  information  obtainable 
may  be  directly  useful. 


It  is  obvious  that  providing  launch  facilities  for  space  debris  research  must  be  approached  from  several 
directions,  and  that  no  one  launch  technique  will  cover  the  entire  parameter  range  of  interest. 


DIAGNOSTIC  SYSTEMS 

While  launcher  development  has  been  emphasized  for  the  last  decade,  at  least  to  some  degree,  the 
development  of  diagnostic  systems  for  complex  targets  has  not  kept  pace.  Considerable  additional 
improvements  are  necessary. 

There  are  promising  new  diagnostic  techniques  which  can  be  applied  to  the  problem  of  instrumenting 
complex  targets.  Among  these  are: 

Very  penetrating  pulsed  x-ray  sources 

Pulsed  laser  holographic  techniques  for  fragment  visualization  and  counting  (Hough,  1989; 
Ang,  1992) 

Fiber  optic  and  conducting  wire  "break  wire"  grids  for  target  fragmentation  (Naumann  and 
Isbell,  1992) 

X-ray  cinematography  systems 

Miniaturized,  shock  hardened  on-board  recorders  and  telemetry  units  (Menna  et  al  1992) 

Foam  recovery  materials  which  are  calibrated  for  velocity  and  fragment  shape  (Cunningham 
et  al,  1992;  Dahlen  et  al  1992) 

High  pressure  "water  lathe"  systems  for  simplifying  the  tedious  task  of  separating  fragments 
from  the  recovery  foam  (Venditto,  1992) 
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TESTING  AND  MODELING  EFFORTS  FOR  DEBRIS  GENERATION 

In  the  absence  of  substantial  data  and  validated  first-principles  models  for  debris  creation,  the  space 
debris  community  has  developed  and  used  simple  empirical  spacecraft  and  booster  breakup  models  for 
debris  calculations.  Programs  now  being  initiated  will  expand  significantly  the  experimental  breakup 
database  for  use  in  semi-analytic  breakup  models  and  in  complex,  state-of-the-art,  physics-based  models, 
including  hydrocodes  and  finite  element  structural  response  codes. 

Current  spacecraft  breakup  models  are  empirical  in  nature  and  are  ba.sed  on  test  data  from  a  handful  of 
partially  characterized  tests.  The  output  from  these  empirical  models  is  consequently  of  low  fidelity  and 
accuracy.  Typically,  the  debris  impactor/target  structure  interaction  is  modeled  in  terms  of  the  masses 
involved  and  the  relative  velocity  and,  therefore,  the  kinetic  energy  of  impact.  The  structures  are 
assumed  to  fragment  into  isotopically  expanding  debris  clouds.  The  specific  model  output  consists  of 
debris  mass  and  velocity  distributions. 

These  models  are  considered  accurate  to  within  only  an  order  of  magnitude,  since  no  explicit  accounting 
is  made  of  the  structure  geometries  and  materials.  The  models  are  routinely  used  outside  the  parameter 
space  upon  which  they  were  developed. 

As  part  of  an  Orbital  Debris  Technology  Transfer  Program  conducted  by  the  Defense  Nuclear  Agency 
(DNA)  and  their  agent,  Wright  Laboratories  of  Eglin  AFB  (WL/MNSA),  carefully-controlled 
hypervelocity  impact  tests  are  being  conducted  on  various  complex  spacecraft  structures  to  provide 
accurate  and  complete  debris  mass  and  velocity  distribution  data.  The  first  test  series,  called  the  Federal 
Republic  of  Germany  Impact  Test  Series  (FRGITS),  was  conducted  in  November  1991  and  involved 
three  scaled,  complex  satellite  structures  and  one  complex  satellite  electronics  box,  impacted  by  8-15 
g  aluminum  debris  fragments  at  10  km/s. 

Details  of  the  FRGITS  test  series  are  contained  in  Hunt  et  al  (1992). 

The  second  test  series,  named  the  Satellite  Orbital  Debris  Characterization  Impact  Test  (SOCIT),  was 
conducted  from  September  1991  through  January  1992  and  involved  the  flight-ready  OSCAR  22  Navy 
satellite,  obtained  from  the  U.S.  Navy  by  D.  McKnight,  then  at  the  United  States  Air  Force  Academy. 
In  addition  to  the  test  on  an  actual  satellite,  tests  were  also  conducted  on  two  structural  mockups  of 
OSCAR,  a  solar  panel,  and  a  fourth-stage  adapter  section  (Cunningham  et  al,  1992). 

The  projectile  was  a  150  g  sphere  of  aluminum,  impacting  at  6  km/s.  A  full  suite  of  instrumentation, 
including  debris  capture  foams.  X-rays,  cine  and  pulsed  laser  photography,  and  numerous  onboard  time 
of  arrival  and  motion  sensors  were  u.sed  to  capture  the  debris  field  generated. 

Figure  10  shows  the  OSCAR  satellite  target.  Impact  tests  were  performed  on  a  solar  panel  and  on  the 
satellite  body.  Data  reduction  and  analysis  are  described  in  detail  in  a  companion  paper. 

These  recent  tests  are  significant  in  that  they  represent  a  substantial  increase  in  the  statistical  data  on 
satellite  breakup  available  to  modelers.  In  the  SOCIT  series,  in  particular,  a  substantial  effort  was  made 
to  recover  and  characterize  the  debris  in  terms  of  number,  size,  material,  direction,  and  (to  .some  degree) 
velocity.  The  recovery  techniques  used  by  General  Re.search  Corp.,  the  test  conductor,  ensured  that 
greater  than  90%  of  all  debris  was  recovered.  The  recovery  proce.ss  protected  the  debris  in  an  manner 
such  that  secondary  damage  from  the  recovery  process  did  not  affect  the  data. 

Debris  specimens  were  processed  and  subsets  of  the  debris  were  supplied  to  groups  at  the  University 
of  Colorado  and  California  Institute  of  Technology  for  additional  detailed  examination. 

Significant  improvements  are  being  made  in  the  ability  of  semi-analytic  and  complex  models  to 
determine  the  breakup  of  complex  spacecraft  structures  (see,  for  instance,  McNight  and  Brechin.  1990; 
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Fig.  10.  External  View  of  OSCAR  Satellite  Impacted  in  Debris 
Generation  Test  Series. 


McNight,  1987).  The  new  models  include  analytical  descriptions  of  the  target  and  impactor  structures, 
material  constitutive  properties,  and  fragmentation  algorithms.  These  improvements  are  producing  more 
accurate  definitions  of  the  debris  fields  generated  by  impact.  Such  a  capability  is  of  importance  in 
determining  not  only  the  number  and  size  of  fragments,  but  how  the  debris  propagates  in  space  and  thus 
how  it  will  affect  the  long  term,  on-orbit  debris  environment. 

In  addition  to  the  rapidly-advancing  capabilities  of  "traditional”  hydrocode  models  (CTH,  MESA,  JOY, 
HULL,  DYNA,  etc.),  a  different  approach  to  computer  formulation  has  been  taken  by  the  developers 
of  the  Smoothed  Particle  Hydrodynamics  (SPH)  model  -  Los  Alamos  National  Laboratory,  the  Air  Force 
Phillips  Laboratory,  and  the  New  Mexico  Institute  of  Technology,  among  others  (Tedeschi  et  al,  1991). 

The  SPH  model  is  based  on  a  Lagrangian  formulation  which  offers  the  advantage  of  being  able  to  track 
the  formation  and  propagation  of  debris  over  large  distances  and  times.  SPH  has  been  used  to  calculate 
the  effects  of  projectile  impacts  on  satellites,  on  complex  military  targets,  and  on  the  simulated  hull  of 
Space  Station  Freedom. 

INTERNATIONAL  PROGRAMS 

The  space  debris  problem  is  international  in  scope  and  research  is  underway  in  several  countries.  There 
have  been  attempts  at  the  international  level  to  develop  orbital  debris  generation  and  mitigation 
"standards"  for  all  space-faring  nations.  These  attempts  have  been  both  informal  -  at  the  working  level 
(e.g.,  technical  interchanges  between  scientists  at  technical  conferences  and  information  exchange 
meetings)  and  formal  -  at  the  United  Nations  level  (e.g.,  legal  definitions  of  debris  and  methods  to 
mitigate  debris  generation). 

These  efforts  are  currently  meeting  with  varying  levels  of  success.  While  most  countries  appear  to  be 
cognizant  of  the  debris  threat  and  are  acting  responsibly  to  minimize  the  likelihood  of  on-orbit  debris 
generation,  a  consensus  has  yet  to  be  reached  on  implementing  potentially  very  expensive  debris 
mitigation  schemes.  Most  space-faring  countries  recognize  the  need  to  conduct  debris  related  research, 
including  hypervelocity  impact  breakup  testing  and  modeling,  to  understand  this  growing  threat. 

In  the  United  States,  member  organizations  of  the  DoD/NASA/DOT  Interagency  Group  (Space)  are 
conducting  orbital  debris  research  in  a  cooperative  and  coordinated  environment.  Orbital  debris 
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research  has  taken  the  form  of  projections  of  future  debris  environments,  studies  of  impact 
phenomenology  and  shielding,  concepts  for  debris  mitigation  techniques,  and  hypervelocity  breakup 
testing  and  modeling.  The  results  of  these  efforts  are  being  documented  throughout  the  open  literature. 

Internationally,  research  efforts  have  taken  a  similar  form.  The  Former  Soviet  Union  has  obtained 
considerable  orbital  debris-related  information,  e.g.,  on-orbit  and  ground-based  measurements, 
hypervelocity  launcher  techniques,  and  spacecraft  breakup  data.  When  made  available,  this  information 
will  be  an  invaluable  contribution  to  the  field. 

The  European  Space  Agency  member  countries,  the  Japanese,  and  the  Canadians  also  are  active  in 
orbital  debris  research  in  most  of  the  areas  mentioned  above.  Through  technical  publications,  they  have 
made  major  contributions  to  the  international  orbital  debris  space  community. 

SUMMARY 

There  is  a  sense  of  urgency  in  defining  and  solving  the  problem  of  man-made  debris  in  space.  Although 
the  rate  of  debris  increase  is  slowing  as  nations  implement  debris  mitigation  schemes  in  their  operations, 
the  total  number  of  fragments  in  orbit  continues  to  increase.  Without  these  efforts,  the  risk  to  both 
maimed  and  unmanned  space  exploitation  could  become  unacceptable.  Only  through  continued  orbital 
debris  research  and  continued  open  cooperation  between  nations  can  nations  understand  the  magnitude 
of  the  orbital  debris  problem  and  work  to  correct  it  in  a  timely  manner. 
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ABSTRACI 

This  paper  presents  Lagrangian  l-TIC  code  computations  for  obliiiue.  yawed-rod  impacts  onto  thin-plate  and 
spaced-plate  targets  at  various  velocities.  The  baseline  set  of  computations  considers  a  nominal  obliquity  of  65 
degrees  and  a  nominal  impact  velocity  of  I.JOO  m/s,  onto  thin-plate  targets  at  nominal  yaw  angles  of  0,  -10.  and 
-r  10  degrees.  The  yaw  angles  are  achieved  by  inducing  velocities  into  the  plates.  These  results  are  compared  to  test 
data  and  MESA  code  results  published  previously.  Additional  sets  of  computations  are  presented  to  show  the  effect 
of  increased  impact  velocities  at  nominal  values  of  26(K)  m/s  and  .‘S2(K)  m/s.  Some  spaced-plate  computations  are 
also  included. 

INTRODUCTION 

('omputer  ctxles  are  now  avtiihtble  to  perform  a  variety  of  two-  and  three-dimensional  computations  for  high- 
velocity  impact  problems.  Although  two-dimensional  computations  have  been  performed  routinely  for  many  years, 
a  relatively  small  number  of  three-dimensional  computations  have  been  performed.  Current  three-dimensional 
computing  captibilities  now  allow  for  the  e.xamination  of  many  interesting  three-dimensional  effects. 

I'his  paper  presents  a  variety  of  three-dimensional  EPIC  compulations.  They  are  intended  to  examine  'he  following 
factors: 


•  The  accuracy  and  efficiency  of  EPIC  coele  computations,  as  compared  to  MESA  ctxle  computations  and 
test  data,  for  oblique,  yawed-rtxi  impacts  onto  thin  plates. 

•  The  effect  of  increasing  the  impact  velocity  by  factors  of  two  and  four  such  that  the  nominal  impact 
velocities  are  1^00.  260(1.  and  .‘S20()  m/s. 

•  The  effect  of  initial  ytiw  and  impact  velocity  for  spaced-plate  targets. 


COMPARISON  TO  TEST  DATA  AND  MESA  COMPUTATIONS 

Figure  1  shows  three  impact  conditions  for  a  depleted  uranium  (DU)  rtxl  impacting  a  steel  plate.  These  problems 
are  presented  and  discussed  by  Cagliostro.  cl  al.  (1990).  The  obliquity,  y.  is  the  angle  between  the  rod  velocity 
vector  and  the  plate  normal,  in  a  coordinate  system  fixed  to  the  plate.  The  yaw  angle  is  a  =  y  -  P,  where  p  is  the 
angle  between  the  rod  axis  and  the  plate  normal.  The.se  problems  represent  a  rod  velocity  of  1290  m/s  relative  to 
the  plate,  an  obliquity  of  y  =  6.5  degrees,  and  three  nominal  yaw  angles  of  0,  -10,  and  -t-10  degrees.  The  conditions 
on  the  left  side  of  Fig.  1  are  for  a  stationary  plate.  Those  on  the  right  side  are  essentially  equivalent,  except  that  the 
yaws  are  obtained  by  inducing  velocities  into  the  plates.  This  allows  the  rod  velocity  vectors  to  act  along  the 
longitudinal  axes  of  the  rrxis. 

Figure  2  shows  1:P1('  three-dimensional  compulations  for  these  three  conditions.  A  constant  flow  stress  of  1790 
.MPa  was  u.scd  for  the  rod.  and  a  constant  fiow  stress  of  KHX)  MPa  was  used  for  the  steel  plate.  These  strengths 
were  used  so  that  a  direct  comparison  with  ME.SA  code  compulations  (Cagliostro.  et  ul.,  1990)  could  be  made.  The 
materials  were  not  allowed  to  fracture,  and  the  erosion  strain  was  1..5. 

When  a  Lagrangian  material  erodes,  the  element  essentially  disappears,  except  that  mass  is  retained  at  the  nodes. 
This  is  necessary  to  allow  the  sliding  interface  to  he  continuously  updaieii.  such  that  the  projectile  can  erode 
through  the  top  surtace  of  the  ttirget  phite.  This  provides  the  capability  to  penetrate  and  perforate  thick  target  plates 
(Johnson  ;ind  .Stryk.  19S7) 
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YAW  DEFINITIONS  FOR 
STATIONARY  PLATES 


EQUIVALENT  YAW  CONDITIONS 
FOB  MOVING  PLATES 


Fig.  1.  Baseline  Yaw  Conditions  for  Stationary  Plates  and  Equivalent  Yaw  Conditions 
for  Moving  Plates 


Figure  3  shows  the  EPIC  results  compared  to  Eulerian  MESA  code  computations  (Cagliostro,  et  a/.,  1990)  and  to 
experimental  test  data  (Fugelso  and  Taylor,  1978).  In  general,  the  EPIC  results  are  in  good  agreement  with  the 
trends  of  experimental  data  and  they  are  as  accurate  as  the  MESA  results.  Due  to  the  scatter  in  the  test  results,  it  is 
difficult  to  quantify  the  differences  between  the  computed  results  and  the  test  results.  Some  of  the  differences 
between  the  computations  and  the  test  data  may  be  due  to  effects  of  fracture  and  friction,  which  were  not  included 
in  the  computations.  It  should  be  noted  that  the  MESA  results  for  the  net  velocity  are  improved  when  the  constant 
flow  stress  is  replaced  with  a  thermal  softening  model  and/or  a  fracture  model  (Cagliostro,  1990). 

There  are  two  sets  of  EPIC  results  shown  in  Fig.  3.  The  EPIC  (PREVIOUS)  results  were  presented  earlier  by 
Johnson  and  Schonhardt  (1991),  and  these  were  ba.sed  on  a  coarser  grid  and  a  slightly  different  sliding  interface 
algorithm.  The  EPIC  (PRESENT)  results,  shown  in  Fig.  2,  have  a  finer  grid  which  is  similar  to  that  used  for  the 
MESA  computations.  The  volume  of  the  MESA  cells  and  the  volume  of  the  EPIC  elements  are  both  equal  to 
1.0  mm-^  in  the  uniform  regions  of  the  grid.  Becau.se  the  Lagrangian  grid  is  only  embedded  into  the  rod  and  the 
plate,  it  requires  only  20,1 12  elements.  The  Eulerian  grid,  however,  must  include  the  entire  region,  and  it  required 
202,7.32  cells,  fores.sentially  the  same  grid  size  as  the  Lagrangian  computation. 

This  effect  is  clearly  .shown  in  the  comparative  computing  times.  The  Lagrangian  EPIC  computations  required  only 
13  CPU  minutes  on  a  CRAY  Y-MP  computer  for  100  ps,  whereas  the  Eulerian  MESA  computations  required 

3  hours  for  the  same  100  ps  on  a  CRAY  X-MP.  Even  though  the  CRAY  Y-MP  is  about  twice  as  fast  as  the  CRAY 
X-MP,  the  Lagrangian  computations  are  definitely  much  faster.  As  a  point  of  reference,  the  EPIC  (PREVIOUS) 
results  used  a  coarser  grid  of  only  10,368  elements,  and  it  required  only  6  CPU  minutes  on  a  CRAY  Y-MP. 

These  results  cannot  be  generalized  for  all  problems.  For  penetration  into  thick  plates,  the  accuracy  of  the 
Lajjrangian  erosion  algorithm  can  decrease  (Johnson  and  Stryk,  1987),  and  the  CPU  difference  may  not  be  as  great. 
For  spaced-plaic  computations,  however,  the  CPU  advantage  may  he  further  increa.sed  for  the  Lagrangian  ctxles. 

It  is  not  the  purpose  of  this  paper  to  argue  the  relative  merits  of  Lagrangian  and  Eulerian  codes,  because  both  have 
advantages  and  disadvantages  for  different  classes  of  problems.  It  is  intended  instead  to  show  that  Lagrangian 
codes  can  be  effectively  used  for  high-velocity  impact  computations. 


Fig.  2.  Baseline  EPIC  Computations  at  0,  -9.3,  and  +10.3  Degree  Initial  Yaw 
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Now  lhat  the  accuracy  of  the  F^PIC  computations  has  been  partially  assessed  by  comparing  to  test  data,  it  is  of 
interest  to  examine  the  effects  of  other  variables.  Figures  4  and  5  show  the  effects  of  increasing  the  baseline  rod 
velocities  by  factors  of  two  and  four.  The  plate  velocities  remain  the  same  as  for  the  baseline  conditions  so  that  the 
yaw  is  decreased.  The  times  at  which  the  results  are  shown  are  decreased  by  factors  of  two  and  four  so  that 
meaningful  comparisons  c;m  be  made.  Although  there  is  no  experimental  verification  of  these  higher-velocity 
computed  results,  there  is  no  reason  to  believe  that  the  accuracy  should  be  different  than  that  of  the  lower-velocity 
baseline  results. 

Figure  6  shows  residual  rod  characteristics  as  a  function  of  impact  velocity  for  the  various  yaw  conditions.  These 
results  are  complicated  by  the  fact  that  the  ohliipiity  is  not  constant  for  the  different  yaw  conditions.  For  the 
residual  velocity  (V/Vq)  and  the  trajectory  deflection  (5),  the  effects  of  yaw  are  almost  eliminated  at  the  nominal 
increased  velocities  of  2600  and  52(K)  m/s.  The  residual  lengths  (L/Lo)  for  the  negative-yaw  cases  at  the  increased 
velocities  are  less  than  the  other  yaw  conditions.  This  may  be  due  to  the  increased  line-of-sight  distance  (because 
the  oblii|uity  is  higher)  the  negative-yaw  rod  must  travel  to  perforate  the  plate. 

The  angular  velocity  (to)  results  are  very  interesting.  For  the  baseline  conditions  in  Fig.  2.  the  early  angular 
velocities  arc  negative  (nose  up)  when  the  rod  first  impticts  the  phite  (Cagliostro.  cl  al..  1990).  The  magnitude  ot 
the  earlv  rotation  is  greatest  for  the  negative  yaw  case  because  the  oblitpiity  is  greater  and  the  plate  is  moving 

upward.  After  the  negative-yaw  rod  pcrtirnites  the  plate,  the  plate  pushes  the  aft  end  of  the  rod  upward  (at  .SO  ps). 
thus  imparting  a  large  positive  angular  velocity  (nose  down),  l-or  the  baseline  positive-yaw  case,  the  plate  pushes 
the  ;ift  end  of  the  rod  downward  (at  100  ps)  resulting  in  a  negative  angular  velocity  (nose  up). 

As  die  impact  velocities  are  increased,  the  negative-yaw  cases  behave  in  a  similar  manner,  except  the  magnitudes  of 
the  .ingular  velocities  are  reduced.  For  the  positive  yaw  cases,  however,  the  plate  does  not  push  on  the  aft  end  of 
the  rod  ;it  the  higher  velocities.  This  results  in  a  positive  (nose  down)  final  angular  velocity  as  the  rod  follows  the 
path  of  least  resisitince  througli  the  nonnal  thickness  of  the  plate. 
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.■\s  noietl  previously,  l.agrangian  computations  arc  well-suited  for  spaced-plate  computations.  This  is  because  the 
grid  IS  embedded  in  the  material  only,  ;ind  the  grid  is  not  ret|uired  for  the  spaces,  l-'igure  7  shows  a  three-dimension 

\  lew  of  the  baseline,  no-yaw  case  ;it  200  ps,  after  an  additional  thick  plate  has  been  added  at  150  ps.  The  face  of 
the  second  plate  is  about  20  cm  from  the  face  of  the  first  plate,  along  the  path  of  the  rixl.  Both  plates  are  of 
identical  steel  materiiil. 

Figure  S  show  s  cross-sectional  views  of  the  rovl  and  two  plates  at  2(K)  ps.  as  well  as  the  second  plate  at  250  ps  and 
v^O  ps  I  he  negative-vtiw  rod  does  not  perforate  because  of  the  lower  velocity  and  higher  angle  at  impact.  The 
|iosiiive  saw  rlocs  perforate,  and  n  is  probably  because  of  the  higher  velocity 

Figure  9  shows  results  tor  incrc.iscd  rotl  velocities  of  approximately  2600  m/s.  Here,  the  increased  velocities  and 
dccrc.iscd  impact  angles  allow  the  rods  for  all  three  cases  to  readily  perforate  the  second  plate. 

SIMNFAR^  \M)(  ()N(  IT  .SIONS 

rills  paper  has  demonstraterl  that  l.agrangian  F.l’K'  code  computations  can  provide  reasonably  accurate,  efficient, 
•ind  useful  results  for  a  class  of  problems  involving  rods  (at  various  oblirjuities,  yaws,  and  velocities)  impacting 
targets  composcil  of  thin  and  spaced  plates.  It  also  has  shown  the  effects  of  varying  these  parameters  and  has 
[irin  kled  insight  into  uiulcrstanding  the  complicated  interactions  which  occur  during  the  course  of  the  events. 
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Fig.  4.  EPIC  Coinputation.s  for  Increased  Rod  Velocities  (2x  Baseline)  at  0,  -4.8,  and 
+4.9  Degree  Initial  Yaw 
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Fig.  5.  EPIC  Computations  for  Increased  Rod  Velocities  (4x  Baseline)  at  0,  -2.4,  and 
+2.4  Degree  Initial  Yaw 
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Fig.  7.  Three-Dimensional  View  of  Spaced-Plale  Baseline  Computation  with  0  Degree 
Initial  Yaw- 


KF.FKRKNt  KS 

Cagliosiro,  I).J,,  IVrsoiial  19')0. 

C'agliosiro,  D.J.,  I). A.  Maiulcll.  L  A.  .St  hwalbe.  '1 .1-.  Adams,  and  F..J.  Chapyak.  “ML.SA  .^-D  Calculations  of  Aniior 
Penetration  by  Projectiles  wub  (’onibined  Obliijuity  and  Yaw."  hitl. ./.  of  hnp.  F.ity  ..  11],  1990. 

l  ugelso,  L.  and  J.W.  I'aylor,  h'.yulucitinn  aj  Obliquity  ami  Yaw  for  U  0.7>  wl  9;  7/  Pcnviraiors.  Los  .*\lanios 
Scientific  Laboratory  Report  LA  74()2-MS,  t97S. 

Johnson.  Cl.R.  and  J.A  Schonharilt,  "Some  Parametric  Sensitivity  Analyses  tor  High  Velocity  Impact 
Compiitatio/ts."  rrocvcdiiiys  of  impact  ///  (Post  SMiRl  i  i  i'oiilcreme).  Tokyo.  Japan.  1991 

Johnson.  (LR.  ;ind  R.A.  Stryk,  "Lroding  Interface  anil  Improved  Tetrahedral  Llemcnt  Algorithms  for  High  Velocity 
Imptict  Compiittilions  in  Three  Dimensions."//!//  ./  of  imp  19X7. 


Fig.  8.  Spaced'Platc  Computations  for  the  naseline  Projectile  Velocities  at  0,  -9.3,  and 
+  10.3  Degree  Initial  Yaw 


Fig.  9.  Spaced-Plate  Computations  for  Increased  Velocities  (2x  Baseline)  at  0,  -4.8,  and 
+4.9  Degree  Initial  Yaw 
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INCORPORATION  OF  AN  SPH  OPTION  INTO  THE  EPIC  CODE 
FOR  A  WIDE  RANGE  OF  HIGH  VELOCITY  IMPACT  COMPUTATIONS 
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ABSTRACT 

This  paper  describes  and  demonstrates  how  a  Smooth  Particle  Hydrodynamics  (SPH)  algorithm  can  be  incorporated 
into  a  standard  Lagrangian  code  such  as  EPIC.  The  SPH  technique  is  also  Lagrangian,  but  it  has  variable  nodal 
connectivity  and  can  handle  severe  distonions  in  a  manner  comparable  with  Eulerian  codes.  Included  is  the  SPH 
algorithm  for  axisymmetric  geometry,  example  problems  using  only  the  SPH  option,  and  example  problems  where 
the  SPH  grid  is  coupled  to  the  standard  EPIC  grid.  The  coupling  techniques  allow  for  attachment,  sliding,  and 
automatic  generation  of  SPH  nodes. 

INTRODUCTION 

The  Smooth  Particle  Hydrodynamics  (SPH)  technique  was  first  introduced  by  Lucy  (1977)  and  Gingold  and 
Monaghan  (1977).  Since  then,  further  contributions  have  beei.  made  by  Schiissler  and  Schmidt  (1981),  Monaghan 
(1982),  Gingold  and  Monaghan  (1982),  Monaghan  and  Gingold  (1983),  and  Benz  (1989),  Many  of  the  early 
applications  were  directed  at  astrophysics  problems. 

Recently,  Cloutman  (1990),  Libersky  and  Petschek  (1990),  and  Stellingwerf  (1990)  presented  SPH  compulations  for 
high  velocity  impact  problems.  The  effect  of  material  strength,  for  elastic-plastic  flow  in  two-dimensional  plane  strain 
geometry,  was  also  presented  by  Libersky  and  Petschek  (1990).  A  closely  related  approach,  using  variable 
connectivity  NABOR  nodes,  was  provided  by  Johnson,  Stryk,  and  Dodd  (1986)  and  Johnson  and  Stryk  (1989). 

The  primary  motivation  for  this  work  has  been  a  desire  to  perform  severe  distortion  computations  in  a  Lagrangian 
framework.  Because  there  are  no  elements  or  fixed  grids  in  these  variable  connecii’  ity  approaches,  highly  distorted 
flow  can  be  represented.  Although  it  has  yet  to  be  demonstrated  or  proven,  the  hope  is  that  the  SPH  techniques  can 
provide  sufficiently  accurate  and  efficient  results  to  improve  on  the  current  capabilities  of  standard  finite  element 
Lagrangian  and  finite  difference  Eulerian  approaches. 

This  paper  describes  how  an  SPH  option  has  been  incorporated  into  the  EPIC  code.  Because  both  the  standard 
elements  and  SPH  ntxles  are  Lagrangian,  both  the  SPH  mxles  and  standard  elements  can  be  included  in  a  specific 
problem.  This  feature  allows  for  the  capability  to  obtain  solutions  for  a  wide  range  of  problems. 


SPH  ALGORITHM  FOR  AXISYMMETRIC  GEOMETRY 

The  derivation  and  theoretical  discussion  of  the  SPH  approach  is  not  provided  in  this  paper.  It  will  instead  be  an 
extension  of  the  work  of  Libersky  and  Pei.schek  (1990).  In  .some  cases,  the  SPH  algorithm  reported  herein  has  been 
modified  to  allow  it  to  fit  into  the  framework  of  the  EPIC  code.  The  axisymmetric  algorithm  is  included  because  it  is 
not  a  straightforward  extension  of  the  plane  strain  algorithm. 

Before  presenting  the  specific  algorithm,  a  few  comments  should  be  made  to  show  how  the  SPH  option  fits  into  the 
structure  of  a  standard  Lagrangian  code.  The  following  four  steps  represent  the  primary  computational  activities: 

•  Step  I  -  Update  the  veltKitics  and  displacements  of  the  nodes,  ba.sed  on  the  ncxlal  forces  generated  during  the 

previous  cycle.  This  includes  both  the  standard  nodes  and  the  SPH  ntxles.  The  forces  can  come 
from  both  the  standard  elements  and  the  SPH  ntxlc.s. 

•  Step  2  Update  the  velocities  and  displacements  of  the  nodes  (standard  and  SPH)  on  the  sliding  interfaces. 
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•  Step  3  -  Determine  strain  rates  and  strains  in  the  standard  elements.  From  tliese  and  other  variables,  the 

pressures,  deviator  stresses,  and  net  stresses  are  obtained  with  various  material  models.  The  net 
stresses  are  then  converted  to  equivtilent  forces  acting  on  the  ncxies. 

•  Step  4  -  Determine  strain  rates  and  strains  in  the  SPH  nodes.  The  net  stresses  are  obtained  in  exactly  the 

same  manner  as  they  are  for  the  standard  elements.  These  nodal  stresses  are  then  converted  to 
equivalent  forces  acting  on  the  nodes. 

It  should  be  emphasized  that  the  forces  in  Step  1  can  come  from  either  the  standard  elements  or  the  SPH  nodes. 
Another  important  observation  is  that  the  same  material  mtxlels  can  be  used  for  both  the  standard  elements  and  the 
SPH  nodes. 

Finally,  there  is  another  powerful  possibility  that  can  be  exercised.  This  consists  of  converting  highly  distoned 
standard  elements  into  SPH  nodes  as  the  computation  progresses.  This,  and  other  coupling  approaches,  will  be 
demonstrated  later. 

Figure  1  represents  some  features  of  the  SPH  technique.  Ntxle  i  is  designated  as  the  center  node  and  the  neighbor 
ntxles  are  designated  as  nodes  j.  The  distance  between  nodes  is  r,,,  the  diameters  of  the  nodes  are  d,  and  dj,  and  the 
masses  of  the  ncxies  are  Mj  and  Mj.  The  masses  remain  constant  throughout  the  computation,  and  are  obtained  from 
M  =  poVu  where  po  and  V;,  represent  the  initial  density  of  the  material  and  the  initial  volume  represented  by  the  ncxle. 

The  .sm(X)Ihing  function  used  in  this  work  is  identical  to  the  plane  strain  smcxxhing  function  used  by  Libersky  and 
Petschek  (1990).  It  is  shown  in  Fig,  1  and  exhibits  the  characteristics  of  a  Dirac  delta  function  as  n,j  apprctaches 
zero. 
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where  Vjj  =  rij  /hjj,  and  the  smcxxhing  distance  is 

h|j  =  a(dj  +  d,)/2  (2) 

The  dimensionless  constant,  a,  is  a  user  supplied  input.  The  examples  in  this  paper  are  for  a  =  1.0. 

The  diameters,  d|  and  dj,  can  be  obtained  from 

d  =  d,,  V(  1  +  Cv)  xjx  (3) 

where  Cy  is  the  volumetric  strain,  d„  is  the  initial  ncxJe  diameter,  and  .x„  and  x  are  the  initial  and  current  X  (radial) 
ccxxdinates. 
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Fig.  1.  Description  of  SPH  Characteristics 
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The  volumetric  strain  rate  of  node  i,  based  on  the  current  configuration,  is  given  by 

Ev  =  X,  -  W,  Vj  |(uj  ~  u,)  U  +  (Vj  -  Vi)  I,  +  j  ^  27tXj  (4) 

where  =  dW|j/3r  is  the  derivative  of  the  smoothing  function,  Vj  is  the  current  volume  of  the  node  j,  u,  and  lij  are 

the  X  velocities  of  nodes  i  and  j,  Vi  and  Vj  are  the  Z  velocities,  /,  and  I,  are  the  direction  cosines  from  node  i  to  node  j. 
and  x,  is  the  X  coordinate  of  node  j. 

The  in-plane  contribution  of  Equation  4  is  provided  by 

I  -  w'.jVj  [(lij  -  li.)  /,  -{vj  -  V.)  l]  /  2trxj  (4a) 

.1 

w  here  the  division  by  27tXj  adjusts  the  volume,  Vj,  to  what  it  would  be  in  plane  strain  geometry. 

The  hoop  contribution  of  Equation  4  is  provided  by 


For  a  fully  surrounded  center  node  i,  and  neighbor  nodes  J,  moving  at  a  constant  radial  velocity  tij  =  lij,  the  hoop 
contribution  must  be  equal  to  li/x.  Also,  it  can  be  demonstrated  that  for  a  fully  surrounded  node  i 


S-%v4^)/2nxj  =  1 


Therefore,  Equation  5  acts  as  a  weighting  function  to  sum  the  contribution  of  the  neighbor  nodes  j.  This  formulation 
allows  for  both  the  in-plane  and  hoop  contributions  to  be  provided  by  the  identical  neighbor  nodes  J.  This  is 
especially  important  for  a  radial  collapsing  or  expanding  free  surface. 

The  updated  volumetric  strain  can  be  obtained  from 

El*"'‘  =  et  +  eiAt(l -rel)  (6) 

where  At  is  the  integration  time  increment  and  the  factor  (l  -i-et)  converts  the  strain  rate  from  the  current 
configuration  back  to  the  initial  configuration. 

The  nodal  pressure,  Pj.  and  bulk  artificial  viscosity,  Q|,  can  be  determined  from  the  same  material  models  used  for  the 
standard  elements,  now  that  Ev  and  fv  are  known. 

To  incorporate  elastic-plastic  material  strength,  it  is  necessary  to  compute  the  three  normal  strain  rates  (Ex,  k,.  Eo).  the 
shear  strain  rate.  Yx/-  and  the  rotational  rate,  O),/  (Johnson.  1979). 

Ex  =  S  -  "  “i)  /v/2icxj  (7) 


E/  =  X  -  W.  V,(vj-Vi)/,/2nX| 


£e=I~W,Vi^i/2r«j 


Yx/  =  X  -  [(‘b  -  “■)  h  +  (vj  V.)  /x]/2;tXj 


X/  =  X  Wj  li,)/,  -  (V-,  -V,)/,j/47tX| 


The  effects  of  axisymmetric  geometry  are  similar  to  those  for  the  volumetric  strain  rate.  Again,  the  SPH  nodes  can 
use  the  same  constitutive  mtxlels  as  used  for  the  standard  elements. 
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The  nodal  forces  on  node  i  and  nodes  j,  for  the  stresses  of  node  i.  can  now  be  determined. 


PiJ  ~  Pij  (plane)  +  (hoop)  (12) 

where  P'j  is  the  force  on  node  j  due  to  stresses  in  node  i.  The  force  due  to  the  in-plane  stresses  is 

P.J  (plane)  =  MjMjW'j  {[(o*  -  Q,,)  /,  -h  t"/,]  /pf )  /2nx,  (  1  3) 

where  o'  =  s'  -  (Pi  -t-  Qi)  is  the  net  normal  stress  in  the  X  direction,  composed  of  the  deviator  stress,  pressure  and 
bulk  artificial  viscosity.  The  shear  stress  is  i*'  and  the  density  of  node  i  is  Pi. 

There  is  also  an  artificial  viscosity,  Qy,  which  is  dependent  on  the  relative  velocities  of  nodes  i  and  j  (Monaghan  and 
Gingold,  1983).  It  is  intended  to  keep  adjacent  nodes  from  becoming  too  close  to  one  another.  This  has  been 
expanded  by  the  authors  to  include  a  relatively  soft  resistance  spring  which  begins  to  act  when  two  nodes  approach 
one  another  within  a  user-specified  distance. 

The  axisymmetric  effect  in  Equation  13  comes  from  dividing  Mj  by  2jtXi  and  Mj  by  2TCXj  to  get  equivalent  masses  for 
plane  strain.  The  plane  strain  forces  from  node  i  must  be  multiplied  by  27tXi,  however,  to  account  for  the 
axisymmetric  circumferential  effect.  The  net  result  is  a  division  by  2jiXj . 

The  force  due  to  the  hoop  stress  is 

Ph( . ,p)  =  WyVj[(^)/2nx,][ofVj/xJ  (14) 

where  of  =  sf  -  (Pj  -t-  Qi)  is  the  net  hoop  stress  and  the  weighting  is  done  in  a  manner  similar  to  that  used  previously. 
This  is  consistent  with  the  volumetric  and  normal  strain  rate  formulations  inasmuch  as  the  nodes  which  determine  the 
strain  rates,  are  the  nodes  which  receive  the  forces. 

The  force  in  the  Z  direction  is 

Pfj  =  MiMjW'j  {[(o'  -  Qij)  k  +  xf'7x]  /p?)  /2itXj  (15) 

Equations  12  and  15  provide  the  forces  only  on  the  neighbor  nodes  j.  The  forces  on  center  node  i,  due  to  the  stresses 
in  node  i,  are  equal  and  opposite  to  the  in-plane  forces  in  the  X  and  Z  directions. 

Pii  =  -XPh  (plane)  (16) 

s 

pfi  =  -!?(,  (17) 

J 

It  is  interesting  that  node  i  gets  no  force  from  the  hoop  stresses  in  node  i.  This  entire  prextess  is  repeated  for  each 
node  such  that  the  neighbor)  nodes  become  central  i  nodes,  and  the  central  i  nodes  become  neighbor]  nodes. 


EXAMPLES 

Figure  2  shows  four  examples  of  SPH  results  compared  to  standard  EPIC  results.  The  grid  and/or  plastic  strain 
contoiu-s  on  the  left  side  of  the  axisymmetric  cylinder  are  for  the  .standard  element  computations.  The  SPH  nodes  are 
on  the  right  side  of  the  cylinder.  They  are  shown  as  circles  with  diameters  of  90  percent  of  their  actual  diameters. 
The  outline,  on  both  the  left  and  right  sides  of  the  cylinder,  is  for  the  standard  elements. 

The  explo.sive  detonation  uses  the  same  JWL  Equation  of  State  for  both  the  standard  elements  and  the  SPH  nodes. 
The  deformed  shapes  show  good  general  agreement  at  3  ps,  but  the  outer  SPH  nodes  are  too  small,  and  there  are 
large  voids  between  SPH  ntxles.  This  occurs  because  the  nodes  achieve  a  much  greater  spacing  in  the  X  direction 
than  they  do  in  the  Z  direction.  TTie  rapid  velocity  separation  in  the  X  direction  initially  causes  the  volumetric  strain  to 
grow  rapidly.  Later,  however,  these  nodes  escape  beyond  the  smoothing  distance  and  no  longer  contribute  to  the 
expanding  volume. 

The  OFHC  copper  and  Armco  iron  cylinder  impact  computations  use  the  Mie-Grunei.sen  Equation  of  State  and  the 
constitutive  m(>del  of  Johnson  and  Cook  (1983).  A  comparison  of  the  deformed  geometries  shows  the  standard 
element  outline  on  the  right  side  to  provide  almost  perfect  agreement  with  the  outer  surface  of  the  SPH  nodes. 
Equivalent  plastic  strains  are  also  shown  for  regions  of  0.1  <  fp  <  0.2  and  0.5  S  Ep  <  1.0,  and  these  results  are  in 
good  general  agreement. 
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Fig.  2.  Comparison  of  SPH  Computations  with  Standard  EPIC  Computations  for  Various 
Materials 


The  concrete  cylinder  impact  example  uses  a  crushable  pressure-volume  relationship  and  a  pressure-dependent 
strength  similar  to  that  presented  by  Matuska,  Durret,  and  Osborn  (1982).  In  general,  the  comparison  of  the 
computations  in  Fig.  2  shows  the  SPM  results  to  be  in  good  agreement  with  the  standard  EPIC  results  for  a  range  of 
material  types  and  models. 

Figure  3  shows  two  SPH  perforation  computations  for  impact  velocities  of  2(XX)  m/s  and  4(XX)  m/s,  and  Fig.  4  shows 
an  SPH  penetration  computation  for  an  impact  velocity  of  5000  m/s.  All  three  results  appear  to  be  reasonable  and 
well-behaved. 

Figure  5  shows  an  SPH  spall  computation  using  the  fracture  model  of  Johnson  and  Cook  (1985).  At  1.0  ps,  the 

aluminum  projectile  is  compressed  and  shows  only  limited  fracture  of  one  node  on  the  outer  diameter.  At  2.0  ps,  the 
compression  has  released  and  the  entire  projectile  has  fractured.  When  a  node  fractures,  the  material  behaves  like  a 
liquid  inasmuch  as  it  cannot  develop  any  shear  or  deviator  stresses,  and  it  cannot  develop  any  tensile  hydrostatic 
pressure. 
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ABSTRACT 

Relationships  defining  the  ballistic  limit  of  Space  Station  Freedom's  dual  wall  protection  systems  have  been 
determined  These  functions  were  regressed  from  empirical  data  found  in  Marshall  Space  Flight  Center's 
Hypervelocity  Impact  Testing  Summary  (HITS)  for  the  velocity  range  between  three  and  seven  kilometers  per 
second  A  stepwise  linear  least  squares  regression  was  used  to  determine  the  coefficients  of  several  expressions  that 
define  a  ballistic  limit  surface  Using  statistical  significance  indicators  and  graphical  comparisons  to  other  limit 
curves,  a  final  set  of  expressions  is  recommended  for  potential  use  in  Probability  of  No  Critical  Failure  calculations 
for  Space  Station 


INTRODUCTION 

Meteoroid  and  space  debris  impacts  are  anticipated  to  occur  on  the  exterior  of  the  Space  Station  during  its  service 
life  in  a  low  earth  orbit  (LEO)  As  a  result,  the  external  walls  are  required  to  be  designed  to  minimize  the  risks 
associated  with  these  impacts  The  SSF  requirements  document  [8]  states  that  the  probability  of  an  anticipated 
impact  to  cause  failure  of  the  pressure  wall  will  be  less  than  0  45%  over  a  ten  year  period  In  order  to  calculate  this 
probability,  ballistic  limits  must  be  determined 

Hypervelocity  impact  testing  has  been  performed  in  the  Light  Gas  Gun  Facility  at  Marshall  Space  Flight  Center 
(MSFC)  since  1985  This  testing  has  been  directed  toward  the  development  of  a  meteoroid  and  space  debris 
protection  system  design  for  Space  Station  Freedom  The  information  gathered  from  this  testing  has  been  formally 
recorded  in  a  Lotus  database  entitled  Hypervelocity  Impact  Testing  Summary  (HITS) 

The  purpose  of  this  analysis  is  to  determine  the  ballistic  limit  of  a  dual  wall  meteoroid  and  space  debris  protection 
system  similar  to  the  proposed  system  for  SSF,  using  HITS  data  The  empirical  relationships  derived  are  intended 
for  use  in  the  design  and  verification  of  the  SSF  protection  system  These  regression  equations  are  only  applicable 
over  bumper  thicknesses  between  0  040"  and  0  080”  and  obliquities^  up  to  65°  for  the  SSF  manned  module  dual 
wall 

An  Analysis  of  Variations  (ANOVA)  is  performed  to  indicate  the  statistical  significance  of  these  curves  In  order  to 
quantify  the  scatter  in  the  test  data,  confidence  intervals  are  determined  for  each  regression 

The  definition  of  a  ballistic  limit  varies  depending  on  the  method  of  analysis  being  employed  For  this  analysis,  the 
ballistic  limit  is  defined  as  the  velocity  at  which  a  specified  projectile  will  just  barely  penetrate  the  second  wall  (or 
rear  wall)  of  a  dual  wall  structure  Failure  of  the  second  wall  by  cracking  or  spalling  is  considered  penetration  since 
pressure  loss  would  occur  under  those  circumstances 

The  ballistic  limit  for  dual  wall  structures  is  governed  by  processes  whose  phenomenologies  change  as  the  impact 
velocity  increases  Specifically,  the  ballistic  limits  can  be  subdivided  into  three  velocity  regimes  ordinance,  shatter, 
and  hypervelocity  These  regimes  are  differentiated  by  the  relative  strengths  of  the  projectile  and  target  for  given 
impact  pressures  The  velocity  range  considered  for  this  analysis  is  the  shatter  regime  and,  for  aluminum  spheres 
impacting  aluminum  targets,  that  regime  is  roughly  between  two  and  eight  kilometers  per  second  (km/sec)  In  this 
velocity  range,  the  mechanics  of  penetration  changes  from  impacts  at  lower  velocities  where  projectiles  remain  intact 
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throughout  the  penetration  event,  to  impacts  at  higher  velocities  where  the  projectile  becomes  completely  vaporized 
during  penetration  of  the  first  wall  or  bumper,  as  it  will  be  referred  to  in  this  report  This  section  of  the  ballistic  limit 
curve  is  highly  nonlinear  due  to  the  randomness  of  the  shatter  mechanisms  causing  the  projectile  to  breakup 
However,  Burch  indicated  in  [  1  ]  that  the  general  shape  of  the  ballistic  limit  curve,  in  this  velocity  range  for  this 
target  configuration  and  normal  obliquity,  is  monotonically  increasing  with  velocity  This  indicates  a  reduction  in 
damage  (or  penetration)  as  velocity  increases 


TEST  AND  DATA  DESCRIPTION 

All  data  considered  in  this  analysis  was  generated  in  testing  performed  in  the  Light  Gas  Gun  Facility  at  Marshall 
Space  Flight  Center  Since  this  analysis  and  desired  ballistic  limits  are  specific  to  Space  Station,  only  shots  made 
against  targets  similar  to  its  proposed  dual  wall  configuration  were  considered  This  reduces  the  required  complexity 
of  the  ballistic  limit  expressions  and,  in  theory,  should  increase  the  accuracy  of  the  regression  The  following 
discussion  provides  more  specific  information  about  the  tests  used  to  generate  the  ballistic  limit  curves 


Projectile  Configuration 

The  only  projectile  type  considered  for  this  analysis  was  a  pure  aluminum  sphere  1 1 00-0  (pure  annealed  aluminum) 
was  used  extensively  in  testing  because  its  average  density  is  very  near  the  estimated  average  density  of  space  debris 
as  specified  in  [6]  Since  only  one  material  is  considered  in  this  analysis,  spherical  diameter  and  projectile  mass  are 
directly  related  and  diameter  can  be  used  to  convey  ballistic  limit  information  In  this  report,  a  critical  projectile 
diameter  is  plotted  as  a  function  of  impact  velocity  to  portray  a  ballistic  limit  against  a  specific  target 


Taraet  Confmuration 

Fig  I  shows  a  dual  wall  target  configuration  composed  of  two  walls  spaced  4  0"  apart  with  a  Multi-Layered 
Insulation  (MLl)  blanket  located  between  the  walls  The  bumper  is  6061-T6  aluminum  sheet  that  ranges  in 
thickness  between  032"  and  080“  The  rear  wall  is  0  125”  thick  2219-T87  aluminum  sheet  The  actual  pressure 
wall  of  a  SSF  manned  module  is  proposed  to  consist  of  waffle  plate,  however,  it  is  0  125"  thick  between  the  ribs  and 
would  be  expected  to  behave  similar  to  plain  sheet  stock  for  penetrations  near  the  ballistic  limit  The  target  is  usually 
backed  up  by  three  0  020"  7075  aluminum  witness  plates,  however,  more  plates  are  often  used  for  high  momentum 
shots 

The  bumper  thickness  varies  depending  upon  the  specific  requirements  for  the  particular  SSF  component  In  fact, 
this  is  the  predominant  parameter  of  variance  to  be  considered  in  design  optimization  of  the  protection  system 
Therefore,  bumper  thickness  will  be  handled  in  the  regression  analysis  as  an  independent  variable  and  the  BLCs  will 
be  applicable  over  the  range  of  bumper  thicknesses  indicated 
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Fig  1  Dual-wall  target  configuration 
Simulates  the  proposed  Space  Station 
Configuration 


Data  Summary 

The  HITS  database  was  searched  for  tests  on  dual  wall 
targets  with  6061 -T6  bumpers  and  0  125"  2219-T87  rear 
walls  spaced  four  inches  apart,  impacted  with  1 100-0  pure 
aluminum  spheres  at  any  available  obliquity,  MLl  position, 
and  bumper  thickness  In  addition  to  the  geometric  search 
parameters,  other  search  parameters  included  base  line 
requirements  on  the  information  available  for  each  shot 
For  instance,  shots  that  penetrated  the  rear  wall  must  have 
witness  plate  damage  information  and  shots  that  did  not 
penetrate  the  rear  wall  must  have  crater  depth  information 
If  a  test  record  indicated  multiple  holes  in  the  bumper,  then 
the  projectile  was  assumed  to  have  broken  up  before 
impacting  the  target  This  was  found  to  be  the  case  in  four 
tests  and  the  shots  were  removed  from  the  regression 
dataset 
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A  total  ol'  .i85  hypervelocity  impact  tests,  fired  at  velocities  between  two  and  eight  km/sec,  were  found  to  comply 
with  these  search  parameters 

Shot  Summary  of  the  Reiiression  Dataset 

Tables  1  through  6  summarize  shot  diversity  for  the  385  shots  used  in  this  analysis  The  majority  of  the  data  is  for 
targets  where  MLI  was  placed  near  the  bumper  or  against  the  rear  wall  In  the  actual  SSF  configuration  the  MLI  is 
centered  between  the  walls  Nineteen  shots,  applicable  to  this  regression,  have  been  made  against  targets  with  MLI 
centered  between  the  walls,  but  all  of  them  were  fired  at  normal  obliquity  on  0  063"  bumpers  The  221  shots  used  in 
the  final  analysis  are  indicated  by  the  asterisks 

Fig  2  is  a  sample  plot  of  some  of  the  shot  results  indicating  the  final  condition  of  the  rear  wall 


♦  Crack 
o  No  Penetration 


Velocity  (knt/sec) 

Fig  2  Raw  data  plot  for  0  063"  bumper  impacted  normally  by  a  0  250"  projectile 


Table  1  Shot  occurrences  with  no  MLI  present 
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Table  2.  Shot  occurrences  with  MLI  near  the  bumper. 


Bumper 
Thickness  (in.) 

Diameter  (in.) 

Number  of  Shots  (above/below  4.75  km/sec) 

Obliquity 

0° 

30° 

45° 

55° 

60° 

65° 

75° 

.080 

.313 

3* 

.250 

4* 

.063 

.375 

0/1* 

*  Shots  used  in  final  regression  analysis 


Table  3,  Shot  occurrences  v  .th  MLI  at  3.75"  from  the  rear  wall. 


Buntper 
Thickness  (in ) 

Diameter  (in.) 

Number  of  Shots  (above/below  4.75  km/sec) 

Obliquity 

0° 

0 

O 

45° 

55° 

60° 

65° 

75° 

080 

.313 

0/1* 

6/6* 

2/2 

5/6 

.250 

0/1* 

2/6* 

2/2 

2/2 

.187 

2/5* 

2/2 

2/2 

063 

.313 

0/5* 

0/1 

.250 

2/6* 

0/3* 

.187 

3/0* 

0/2* 

.050 

.313 

1/0* 

3/2 

3/1 

.250 

2/10* 

2/2 

2/2 

.187 

2/2* 

4/2 

2/2 

*  Shots  used  in  final  regression  analysis. 

Table  4  Shot  occurrences  with  MLI  at  0.90"  from  the  rear  wall. 


*  Shots  used  in  final  regression  analysis 

Table  5  Shot  occurrences  with  MLI  centered  between  walls. 


Bumper 
Thickness  (in.) 


.063 


Diameter  (in.) 


.375 


.313 


.250 


Number  of  Shots  (above/below  4.75  km/sec) 


0/4* 


0/8* 


4/3* 


30  45  55  60  65 


Obliquity 


Shots  used  in  final  regression  analysis. 


Bumper 
Thickness  (in.) 

Diameter  (in.) 

Number  of  Shots  (above/below  4  75  km/sec) 

Obliquity 

0° 

30° 

45° 

55° 

60° 

65° 

75° 

063 

.375  1 

0/1* 

75 
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Table  6.  Shot  occurrences  with  MLl  on  the  rear  wall. 


Bumper 
riuckiicss  (ill ) 

Diameter  (in ) 

Number  of  Shots  (above/below  4.75  km/scc) 

Obliquity 

O 

0 

30“ 

45° 

55“ 

60“ 

65° 

75“ 

080 

515 

5* 

4* 

!• 

500 

4* 

.250 

1* 

2* 

187 

1* 

065 

.575 

1* 

550 

2* 

2* 

513 

5» 

I 

5* 

.500 

3* 

1* 

3* 

262 

1* 

250 

4* 

5* 

5* 

187 

5* 

1 

1* 

040 

.575 

1* 

550 

2* 

515 

2* 

5* 

6* 

500 

5* 

250 

5* 

1 

7* 

5* 

187 

5* 

3 

6» 

0,52 

515 

1* 

5» 

.250 

1* 

3* 

4* 

.187 

4* 

3* 

2* 

*  Shots  used  in  final  regression  analysis. 


ANALYSIS  DESCRIPTION 

The  following  sections  provide  a  detailed  description  of  the  linear  regression  method  used  in  this  analysis  to  derive 
ballistic  limit  curve  (BLC)  expressions  from  the  HITS  database  Since  there  were  so  many  regressions  performed,  a 
single  Analysis  of  Variations  (ANOVA)  was  performed  to  determine  the  level  of  confidence  for  the  final  set  of 
curves  generated 


Penetration  Parameter 

No  matter  which  regression  method  is  used,  a  dependent  penetration  parameter  is  required  to  provide  a  dependent 
variable  that  relates  the  penetration  process  to  the  independent  test  variables  The  penetration  parameter  (/')  is  a 
calculated  variable  that  characterizes  the  amount  of  damage  sustained  by  the  target 

For  this  analysis,  the  penetration  parameter  is  defined  as.  "the  total  areal  density  penetrated  plus  one"  The  areal 
density  is  incremented  by  one  so  that  the  natural  logarithm  does  not  go  to  negative  infinity  when  the  bumper 
completely  defeats  the  projectile  (i  e ,  when  I’-O)  The  reason  for  taking  the  logarithm  depends  upon  the 
regression  model  and  will  become  apparent  later  The  Penetration  Parameter  may  be  written  as 

P*  =  r+\  (1) 

The  total  areal  density  is  defined  as  a  step  function  with  respect  to  rear  wall  penetration  For  shots  that  did  not 
penetrate  the  rear  wall,  the  total  areal  density  is  the  product  of  the  depth  of  the  deepest  crater  found  on  the  wall  and 
the  density  of  the  rear  wall  (2  851  gm/cc  for  2219-T87  aluminum)  Equation  (2)  represents  this  quantity 

P  =  hp,  (2) 

For  shots  where  penetration  of  the  rear  wall  did  occur,  the  number  of  witness  plates  penetrated  indicates  the  amount 
of  damage  It  was  assumed  that,  if  a  witness  plate  was  penetrated,  then  half  of  the  next  witness  plate  was  also 
penetrated  Therefore,  the  penetration  parameter  becomes  the  areal  density  of  the  rear  wall  plus  the  areal  density  of 
the  number  of  witness  plates  penetrated  plus  one  half  This  may  be  written  as 

+  \)P  / 

2^2  wp  2  wp 


(3) 
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Critical  penetration  corresponds  to  the  value  of  the  penetration  parameter  equal  to  the  areal  density  of  the  rear  wall 
When  this  occurs,  the  rear  wall  should,  theoretically,  be  "just"  penetrated  The  following  equations  define  this 
parameter  and  the  numerical  values  given  correspond  to  the  SSF  dual  wall  target  configuration 


p  =0.3175cw(2.85I^)=  0.9052^ 

^  “  cm  cm 

p'  =  /^  + 1  =  1 ,9052 


(4) 

(5) 


Multiple  Regression  Analysis  Technique 

Multiple  Regression  refers  to  a  multivariate  linear  least  squares  regression  of  a  non-linear  equation  mapped  into 
linear  space  In  this  analysis,  mapping  was  perfoimed  by  imposing  algebraic  laws  of  logarithms  on  a  monomial  and 
expanding 

Assume  a  general  monomial  form  such  as 

P*  =  t-"'  v"-/;''(cos  (6) 

where, 

P'is  Penetration  Parameter 

e  is  the  exponential  function 

t’  is  the  Impact  Velocity 

/,  is  the  Bumper  Thickness 

0  is  the  Obliquity  of  the  Projectile’s  Trajectory 

d  is  the  Projectile  Diameter 

f,  is  the  i*  Regression  Coefficient 


Then,  map  the  form  into  linear  space  by  taking  the  natural  logarithm  and  expanding  to  get  the  polynomial  expression 
shown  below 

ln(P‘)=  c,  +  f;  ln(  v)+c,  ln(f,)+c'4  ln(cos  d)+c^  ln(c/)  (7) 

Apply  linear  least  squares  regression  techniques  to  determine  the  coefficients  This  method  is  outlined  in  [4]  and  is 
similar  to  the  method  used  by  Burch  to  generate  the  widely  accepted  work  presented  in  [  1  ]  Also,  Dr  Robert  Mog 
used  this  method  in  his  work  on  posynomial  regression  analysis  [7] 

The  primary  limitation  of  this  method,  or  any  method  of  regression,  is  the  correctness  of  the  assumption  of  the  model 
form  The  monomial  form  assumed  in  this  analysis  forces  the  relationships  bet^veen  the  dependent  variable  and  the 
independent  variables  to  be  monotonic  This  is  desirable  when  the  overall  relationship  is  not  known,  because  trends 
can  be  studied  to  assist  in  the  development  of  more  precise  models  An  unfortunate  consequence  of  assuming 
monotonic  relationships  is  their  inability  to  predict  periodic  phenomena  To  minimize  problems  associated  with 
choosing  correct  forms,  stepwise  regressions  can  be  performed  where  the  model  is  reduced  to  lower  forms 
eliminating  the  effects  of  the  more  generalized  assumptions  This  is  done  by  sorting  the  data  into  groups  where  one 
variable  is  held  constant  and  performing  the  regression  with  that  variable  removed  A  FORTRAN  algorithm  was 
written  to  perform  a  complete  stepwise  regression  for  a  given  generalized  relationship  Three  monomials  were 
regressed, 

the  first  for  constant  bumper  thickness, 

P*  =  e"'  v^'-  ( cos  6f' ( 8 ) 

the  second  for  constant  obliquity, 

P' =  (9) 

the  third  for  constant  bumper  thickness  and  obliquity, 

P*  (10) 

The  most  complex  form  of  this  equation,  (6),  will  provide  a  very  general  expression  for  the  ballistic  limit,  however, 
this  generality  is  usually  gained  at  the  expense  of  fidelity  and,  consequently,  may  fail  to  produce  accurate  damage 
predictions,  therefore,  all  forms  should  be  investigated 
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Statistical  Analysis 

The  statistical  routines  from  which  the  all  statistical  parameters  were  determined,  including  the  ANOVA.  were 
generated  from  theoretical  derivations  found  in  [3]  and,  subsequently  verified  by  hand  calculation  and  modeling  of 
idealized  examples 

The  multiple  regression  program  specified  correlation  coefficient  and  F  statistic  only  for  each  stepwise  regression  fit 
This  allowed  a  reasonable  determination  of  the  significance  of  each  curve  High  correlation  coefficients  do  not 
always  indicate  the  best  fits,  they  only  indicate  how  well  the  prediction  estimates  the  observation  at  the  specified 
position  For  higher  order  polynomials  this  result  is  pronounced  Likewise,  high  values  of  F  statistic  may  not 
necessarily  indicate  a  reasonable  confidence  level  The  combination  of  the  two  parameters,  however,  does  appear  to 
provide  a  set  of  statistical  parameters  that  indicate  adequate  fits 

RESULTS  AND  DISCUSSION 

In  the  following  sections,  the  results  of  this  analysis  are  presented  In  addition,  a  comparison  is  made  to  the  baseline 
ballistic  limits  (generated  by  Boeing)  shown  in  Fig  7,  and  to  the  equations  proposed  by  Burch  [I]  without  MLI 
effects 


Multiple  Regression 

1 

A  generic  stepwise  regression  was  performed  on  the  complete  set  of  385  shots  The  coefficients  of  the  curves  were 
not  consistent  with  respect  to  sign  and  did  not  agree  with  currently  accepted  theory  (i  e ,  the  slope  of  the  velocity 
curves  varied  randomly  with  obliquity  and  bumper  thicknes.*')  Inconsistent  shapes  would  not  be  expected  with 
varying  bumper  thickness  and,  the  velocity  exponent  for  the  ballistic  limit  curve  is  expected  to  be  positive 
Therefore,  a  detailed  study  of  the  data  was  made  by  performing  a  series  of  regressions  on  various  groupings  of  the 
shots 

The  model  used  in  the  regression  was  not  constructed  to  include  dependence  upon  the  position  of  the  MLI  between 
the  shield  and  the  rear  wall  I  herefore,  several  regressions  were  made  to  study  the  effects  of  MLI  position  in  the 
stack-up  After  regressing  the  sorted  data  and  plotting  penetration  parameter  versus  velocity  for  constant  bumper 
thickness,  obliquity,  and  projectile  diameter  for  various  MLI  positions,  a  dependency  was  established  Tests  made 
with  targets  having  0  063"  bumpers  impacted  normally  with  0  250"  projectiles  comprised  the  largest  single  group  of 
shots  Fig  3  shows  this  group  together  with  the  predicted  solution  using  the  applicable  equations-’  in  [1]  and  a 
regression  through  the  associated  groups  of  data  The  comparison  between  the  curves  indicates  the  proper 
functional  relationship  (or  curve  shape)  results  from  the  regression  Fig  5  is  a  plot  of  the  regressions  of  shots  with 
MLI  near  the  bumper,  near  the  rear  wall  and  centered  between  the  walls  This  plot  indicates  that  ballistic 
performance  is  a  function  of  MLI  position  and  that  the  presence  of  MLI  tends  to  reduce  the  amount  of  damage 
incurred  by  the  rear  wall  The  damage  decreases  as  the  distance  between  the  bumper  and  the  rear  wall  increases 
The  curves  shown  in  Fig  5  indicate  a  monotonic  relationship  between  shield  performance  and  MLI  position,  with 
the  "MLI  centered"  damage  roughly  "centered"  in  severity  between  "MLI  on  bumper"  and  "MLI  on  wall"  damage 
This  observation  fits  well  with  previous  qualitative  test  observations 

I 

Having  noted  this  effect,  all  shots  where  MLI  was  present  were  grouped  into  a  single  regression  model  This 
decision  was  made  because  1 )  data  on  the  "MLI  centered"  and  "MLI  on  bumper"  test  configuration  was  sparse,  and 
2)  the  limited  existing  data  for  0  063"  bumpers  lead  to  the  observation  that  MLI  position,  while  affecting  shield 
performance  somewhat,  did  not  affect  the  general  slope  of  the  final  BLCs,  significantly  Because  the  preponderance 
of  data  was  from  "MLI  on  wall"  tests,  it  is  reasonable  to  assume  that  the  final  regression  most  closely  models  the 
"MLI  on  wall"  test  configuration 

Fig  4  illustrates  one  set  of  BLCs  suggested  by  the  analysis  corresponding  to  the  more  general  equation 

P'  =  V’  ""''(cos  ef'  --V  (ID 


rhe  Burch  equality  is  pinned  to  indicate  the  functionat  relationship  Since  there  is  no  direct  means  of  including  Ml  1  in  this  prediction,  the  resuU-s  ct'rrespt'nd  to  the  case  sc-herv 
MM  IS  not  present  in  the  target  «  r>nfiguration 

Although  this  IS  true,  shots  made  against  targets  with  Ml  .1  placed  against  the  rear  wall  generally  result  in  mas-sivc  pedalling  failures  Iliese  lailures  arc  \M>rse  than  similar  ex  •nts 
where  Ml  I  was  not  present  Ilierefore.  the  current  SSF  configuration  is  near  optimum  with  respect  to  Ml  I  position 


402 


W.  H.  Jui  and  J.  E.  Wji.ijamsen 


Substituting  P'  =  P’  =  1  9052  and  solving  for  the  projectile  diameter  results  in  the  ballistic  surface  described  by 

=  0.6729v‘‘  '“X 


01234567S9 

Velocity  (km/sec) 


Fig  3  Penetration  parameter  versus  velocity  for  0  063"  bumper,  normal  impact,  and  0  250" 
projectile  diameter 


Fig  5  was  generated  using  equation  (12)  with  the  bumper  thickness  set  to  0  050"  to  represent  the  proposed  Space 
Station  dual  wall  manned  module  configuration 

One  notable  problem  with  this  general  regression  was  that  it  generated  somewhat  inaccurate  results  for  high 
obliquity  shots  In  studying  the  high  obliquity  shot  data,  the  ricochet  test  series  was  found  to  be  relatively 
independent  of  impact  velocity  This  appears  to  be  due  to  the  fact  that  the  majority  of  the  shots  were  fired  well  in 
excess  of  the  ballistic  limit.  This  data  would,  therefore,  exhibit  a  skewed  distribution  about  a  ballistic  limit  function 
and  violate  the  normal  distribution  assumption  for  the  derivation  of  the  least  squares  regression 

These  anomalies  were  remedied  by  filtering  the  data  Grouping  shots  fired  at  0°,  45°,  and  65°  obliquities  together 
and  discarding  shots  where  MLI  was  not  present  reduced  the  total  number  of  shots  used  in  the  regression  to  221, 
and  increased  the  accuracy  of  the  final  regressions 


Fig  4  Penetration  parameter  versus  velocity  for  0  063"  bumper,  normal  impact,  0  250" 
projectile  diameter  for  three  MLI  positions 
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Therefore,  another  set  of  BLCs  were  regressed  from  the  same  data,  one  for  each  obliquity, 
for  normal  impacts. 


for  45°  impacts, 
for  65°  impacts. 


P*  = 


-0  1699,-0  2977 
M 

1605 

*1 


d 

d 


0  5694 


0  7785 


(13) 

(14) 


(15) 


Substituting  P'  =  P'  =  1  9052  and  solving  for  the  projectile  diameter  results  in  the  ballistic  surface  described  by: 

(16) 

r/,  =0.8591  (17) 


6/  =0.2824 


(18) 


These  functions  are  illustrated  in  Fig  6  Equations  ( 1 1 )  through  (18)  are  valid  for  the  dual  wall  protection  system 
shown  in  Fig  1  with  bumpers  between  0  032"  and  0  080"  thick  impacted  by  aluminum  spheres  at  velocities  between 
three  and  seven  km/sec 


Fig  5  Generalized  regression  curves  for  the  proposed  SSF  dual  wall  configuration  with  a 


050"  bumper 

Critical  Projectile  Diameter  (cm) 
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Fig  6  Ballistic  limit  curves  regressed  at  constant  obliquity  for  the  proposed  SSF  dual  wall 
configuration  with  a  0  050"  bumper 
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In  an  effort  to  choose  the  most  accurate  expression  for  use  m  the  determination  of  PNCF,  a  brief  study  of  the  dataset 
was  made  to  look  for  shots  that  might  indicate  a  ballistic  limit  A  series  of  three  tests  was  found  where  0  187” 
projectiles  impacted  a  0  063"  bumper  at  0°  obliquity  with  velocities  between  3  9  and  4  5  km/sec  This  velocity  range 
appears  to  be  very  near  the  ballistic  limit  because  in  two  cases  the  rear  wall  was  penetrated  without  penetrating 
witness  plates  and  in  the  third  case  50“/o  of  the  rear  wall  was  penetrated  If  we  assume  a  ballistic  limit  for  a  0  475  cm 
projectile  to  be  '4  0  km/sec,  then  the  more  general  expression  makes  a  better  prediction  of  0  5883  cm,  as  compared 
to  the  normal  impact  equation's  prediction  of  0  6189  cm  Both  regressions  are  noted  as  being  anti-conservati\e  It 
must  be  understood  that  these  are  P50  (or  SOl  o  probability  of  prediction)  curves  and  that  the  lower  bounds  provide 
estimations  based  on  the  confidence  intervals 


Table  7.  Comparison  Statistics  Parameters. 


Regression  Equation 

Correlation  Coefficient  (r) 

Upper  5% 

Generalized 

563 

.379 

,449 

Constant  Obliquity  0° 

8  56 

.336 

.410 

Constant  Obliquity  45° 

8  56 

.336 

.410 

Constant  Obliquity  65° 

8.61 

.397 

481 

Table  8  ANOVA  for  Generalized  Regression 


Source 

Degrees  of  Freedom 

SS 

MS 

F  Value 

Regression 

4 

2.821 

23.064 

Residual 

216 

6.605 

Total  Corrected 

220 

9.426 

Multiple  Correlation  Coefficient  (r"^)  = 

II 

4* 

Reduced  Ballistic  Equation  Multiplier  = 

(95%  Confidence  Interval)  j 

Table  9  ANOVA  for  0°  Constant  Obliq 

uity  Regression 

Source 

Degrees  of  Freedom 

SS 

MS 

F  Value 

Regression 

3 

mmSM 

0.218 

6001 

Residual 

85 

0.036 

Total  Corrected 

88 

3.751 

Multiple  Correlation  CoefTicicnt  (r*^)  = 

(r=  418) 

Reduced  Ballistic  Equation  Multiplier  - 


I  073 


(95%  Confidence  Interval) 


^bleJO^^_^NOVA;for45°CoiutMtObli^^_^gression 


Source 

Degrees  of  Freedom 

SS 

MS 

F  Value 

Regression 

3 

55  402 

Residual 

92 

mBBM 

Total  Corrected 

95 

3.647 

Multiple  Correlation  Coefficient  (r^)  = 

(r  =  .802) 

Reduced  Ballistic  Equation  Multiplier  = 

■OH 

(95%  Confidence  Interv  al) 

TableJJ A^OVA for652ConsmiObli^iW^^|ression 


Source 

Degrees  of  Freedom 

SS 

MS 

F  Value 

Regression 

3 

6428 

Residual 

32 

Total  Corrected 

35 

1.274 

Multiple  Correlation  Coefficient  (r^)  = 

(r=  613) 

Reduced  Ballistic  Equation  Multiplier  = 

(95%  Confidence  Inten  al)  | 

Sp.KC  Nl.iiion  sInoM  fiir-t 
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Siaiislical  Significance 

All  regressions  made  had  statistical  parameters  generated  fc  them,  however,  the  full  ANOVA  was  reserved  for  only 
the  final  set  of  equations,  (II)  through  (18)  For  the  generalized  regression,  the  F  value  of  2.1  064  is  in  excess  of 
5  63.  the  5Ao  level  of  significance  value  for  the  F-distribution,  which  allows  the  rejection  of  the  null  hypothesis 
•According  to  [5],  the  "acceptable"  value  of  the  correlation  coefficient  ( r )  for  .SO  degrees  of  freedom  and  4  predictor 
variables  is  .379  for  5%  level  of  significance  and  449  for  l®o  level  of  significance  The  generalized  regres.sion 

resulted  in  an  (r  -  =  0  547),  indicating  adequate  fit  for  the  number  of  variables  involved  Table  7  is  a 

compilation  of  similar  values  for  the  constant  obliquity  regressions  Note  that  in  every  case  (0  .  45“,  and  65  )  the  F 
test  was  successful  and  the  correlation  coefficient  indicated  a  "good  fit"  to  at  least  a  one  percent  lev  el  of  significance 
Tables  8  through  1 1  provide  statistical  parameters  for  each  regression  equation  presented 


Baseline  Ballistic  Limits 

Fig  7  is  an  interpolation  of  the  "baseline"  (preliminary)  ballistic  limit  curves  currently  used  to  calculate  PNCF  for 
SSF  These  curves  are  proposed  for  use  in  [9]  and  arc  presented  here  to  indicate  the  relative  shift  in  the  ballistic 
limit  proposed  by  this  analysis  for  Space  Station  protective  structures 

An  alternative  viewpoint  is  that  this  analysis  may  be  viewed  as  a  verification  of  the  baseline  curves 


Velocity  (km/sec) 

Fig  7  Baseline  ballistic  limit  curves  interpolated  foi  a  0  050"  bumper 

CONCLUSIONS 

The  following  sections  contain  some  of  the  conclusions  that  can  be  drawn  from  the  data  studied  during  this  analysis 


Dual  Wall  Ballistic  l.imit  Curve 

The  curves  shown  in  Fig  6  ,  where  obliquity  was  held  constant  in  the  regression  model  appear  to  match  the  curves 
generated  by  Boeing  (Fig  7  )  These  curves  are  recommended  for  uac  as  limit  curves  for  Space  Station  Freedom 
protection  systems  They  may,  on  the  other  hand,  be  considered  as  verification  of  baseline  curves  because  of 
similarity  in  the  predicted  diameters 

The  generalized  curves,  shown  in  Fig  5  ,  indicate  closer  agreement  with  Burch's  expressions  with  respect  to  the 
sign  and  magnitude  of  the  velocity  exponent  and  indicate  lower  overall  statistical  variance  The  major  diflerence 
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between  the  sets  of  equations  is  how  the  target  performance  varies  with  obliquity  In  the  generalized  curves, 
performance  increases  monotonically  with  obliquity  The  curves  regressed  over  constant  obliquity  indicate  that  a 
monotonic  relationship  may  not  be  correct  and  are  therefore  preferred  over  the  generalized  regressions 

.Another  observation  is  that  the  constant  obliquity  curves  are  more  conservative  than  the  generalized  curves  at  lower 
obliquities  but  both  are  anti-conservative  when  compared  to  ballistic  limits  indicated  by  the  results  of  specific  shots 


S  t  ati  si !  caLS  ignifi  cance 

F  test  values  and  correlation  coefficients  have  been  determined  for  the  all  sets  of  ballistic  limit  curves  presented  in 

Tables  7  through  10  Note  that  in  every  case  (0°,  45°,  and  65°)  the  F  test  was  successful  and  the  correlation 
coefficient  indicated  a  "good  fit"  to  at  least  a  one  percent  level  of  significance 
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ABSTRACT 

The  one- dimensional  analysis  of  normal  rod  penetration,  recently  presented 
by  Cinnamon,  et  al.  1992,  is  applied  to  a  very  soft  target,  1100-0  aluminum.  The 
results  are  shown  to  be  satisfactory  for  impact  velocities  under  about  2.5  km/ sec. 
Since  the  analysis  is  based  on  the  initial  transient  stage  of  penetration,  the  theory- 
can  be  applied  to  impacts  by  rods  with  very  low  L/D  ratios.  The  theory  is  entirely 
algebraic  and  the  depths  of  penetration  are  predicted  from  crater  volume/kinetic 
energy  curves.  To  extend  the  theory  to  higher  velocity  impacts,  a  new  distribution 
of  pressure  is  introduced.  These  results  are  promising. 


NOT.ATION 

A  initial  cross-sectional  area  of  the  penetrator 
a  slope  of  the  crater  volume- kinetic  energy  line 
6  intercept  of  the  crater  volume- kinetic  energy  line 

e  engineering  strain  in  the  mushroom  of  the  peneti  a' 

Co  engineering  strain  in  the  mushroom  at  impact 

Cl  engineering  strain  in  the  mushroom  at  steady  star.- 

Eq  kinetic  energy  of  the  penetrator  at  impact 
(  current  undeformed  section  length 
n  pressure  distribution  exponent 
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P  average  pressure  on  the  penetrator  tip 
Pi  average  pressure  on  the  penetrator  tip  at  the  end  of 
the  trajisient  stage 

p  pressure  distribution  on  the  penetrator  tip 

Pa  pressure  on  the  axis  of  the  penetrator  tip 

q  uniform  pressure  component 

r  radial  distance  from  the  axis  of  the  penetrator 

R  radius  of  the  undeformed  penetrator 

Rt  dynamic  strength  of  the  target 

t  time  elapsed  since  impact 

u  current  penetration  velocity 

uq  penetration  velocity  at  impact 

Vc  volume  of  the  crater 

V  current  velocity  of  the  undeformed  section 

Uo  impact  velocity 

Yp  dynamic  strength  of  the  penetrator 

Z  penetration  depth 

O'  dimensionless  constant  related  to  n 

P  constant  related  to  n  with  the  dimension  of  MPa 

p  penetrator  density 

pP  ratio  of  target  density  to  penetrator  density 

INTRODUCTION 

Jones,  et  al..  1987,  presented  an  alternative  formulation  of  the  classic  theory  of 
Tate,  1967,  and  Alekseevskii,  1966,  theory  for  normal  penetration  of  semi-  infinite 
targets  by  long  rods.  The  new  formulation  contained  a  relative  velocity  term  to 
account  for  mass  loss  from  the  undeformed  section  and  an  infinitesimally  thin 
mushroom  with  an  enlarged  cross-sectional  area.  A  new  equation  to  account  for 
conservation  of  mass  across  the  plastic  wave  front  of  the  penetrator  wcis  added 
by  Wilson,  et  al..  1989.  The  penetration  depths  predicted  by  this  theory  were 
shown  to  be  in  fairly  good  agreement  with  experiment  when  the  mean  strain 
in  the  mushroom  was  estimated  from  the  profile  diameters  of  recovered  targets. 
It  should  be  pointed  out,  at  this  juncture,  that  all  dynamic  material  properties 
were  estimated  by  laboratory  tests  (e.g..  Taylor  impact  tests,  Split  Hopkinson  Bar 
tests,  etc.)  at  high  strain  rates.  The  results  were  encouraging.  However,  there 
are  several  defects  in  the  modeling  process.  One  is  that  the  entire  penetration 
process  is  treated  as  steady,  while  the  mushroom  has  constant  strain.  The  constant 
strain  aissumption  may  be  appropriate  for  the  steady  portion  of  the  penetration 
process,  but  not  for  the  entire  event.  This  stimulated  Cinnamon,  et  al..  1992,  a, 
b,  to  investigate  the  initial  transient  stage  of  penetration.  In  this  case,  the  initial 
transient  stage  shall  refer  to  everything  that  precedes  steady  penetration.  This 
includes  the  shock/impact  stage  in  both  the  penetrator  and  the  target  and  the 
complete  mushrooming  of  the  penetrator.  By  considering  the  pressure  distribution 
p  on  the  penetrator  tip  to  be  nonuniform 
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p=p.(i-^)  (1) 

where  Pa  is  the  pressure  on  the  rod  axis,  r/R  is  the  dimensionless  radial  distance 
from  the  axis,  R  is  the  undeformed  rod  radius,  and  n  is  a  dimensionless  exponent, 
Cinnamon,  et  al..  1992,  a,  b,  developed  a  one-dimensional  analysis  of  penetration 
that  was  completely  algebraic.  The  pressure  distribution  in  equation  (1)  is  re¬ 
ferred  to  the  original  configuration  of  the  rod,  but  is  extended  over  the  deformed 
configuration  in  the  equation  of  motion  by  means  of  the  mean  mushroom  strain, 
e.  The  equation  of  motion  for  the  undeformed  section  of  length  i  can  now  be 
shown  to  take  the  form 


iv  -f  i{v  —  u) 


-Pa 

p(n  +  1){1  -f  e) 


(2) 


where  v  is  the  current  velocity  of  the  undeformed  section,  u  is  the  penetration 
velocity,  and  p  is  the  density  of  the  penetrator.  Dots  over  symbols  denotes  differ¬ 
entiation  with  respect  to  time  t.  When  equation  (2)  is  coupled  with  the  equation 
for  conservation  of  mass  for  the  mushrooming  material  introduced  by  Wilson,  et 
al  [4] 


ei  =  V  —  u  (3) 

and  elementary  theory  for  mushrooming  was  produced.  It  was  shown  that  n  was 
basically  a  function  of  target  strength  for  the  low  to  intermediate  impact  velocities, 
say  1  km/ sec  to  3  km/ sec.  Specifically. 

n  =  a  +  —  (4) 

Kt 

where  q  and  0  are  constants  and  Rt  is  the  dynamic  strength  of  the  target  at  a 
strain-  rate  appropriate  to  the  penetration  event.  A  good  correlation  was  achieved 
for  a  =  9.2117  x  10“^  and  /?  =  1835.117  MPa.  This  hypothesis  was  tested  for 
several  target  materials  in  [5].  The  targets  were:  2024-T4  Alu.minum,  7075-T6 
Aluminum,  and  4340  Steel  in  hard  and  annealed  states.  The  penetrators  were 
of  the  same  materials.  In  Cinnamon,  et  al..  1992,  b,  the  hypothesis  was  shown 
to  be  valid  for  OFHC  copper,  4340  steel,  and  tantalum  penetrators  into  rolled 
homogeneous  armor  and  4340  steel  targets. 

The  pressure  exponent  n  rapidly  increases  with  decreasing  target  strength.  It 
is  interesting  to  apply  this  reasoning  to  a  very  soft  target,  say  1100-0  aluminum. 

PENETRATION  OF  1100-0  ALUMINUM  TARGETS 

Christman,  et  al..  1964,  reported  penetration  data  for  1100-0  Aluminum  tar¬ 
gets.  Their  data  will  be  used  for  comparison  in  this  section.  A  static  yield  strength 
for  1100-0  aluminum  is  approximately  70  MPa.  However,  for  strain- rates  appropri¬ 
ate  to  mushroom  formation,  250  MPa  is  acceptable.  For  Rt  =  250  MPa,  equation 
(4)  indicates  that  n  =  7.41.  Figure  1  shows  graphically  the  relationship  between 
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n  and  taxget  strength  for  all  of  the  targets  considered.  Figures  2  and  3  show 
the  engineering  strain  in  the  target  ej  when  steady  state  is  reached  for  2024-T3 
aluminum  and  C1015  steel  penetrators.  The  dynamic  yield  stresses  for  the  pene- 
trator  materials  are  assumed  to  be  750  MPa  for  2024-T3  aluminum  and  1000  MPa 
for  C1015  steel.  The  strain  ei  has  been  estimated  from  [5]  by 


<2l 


-  {Vq  -  Uo) 


2 


(vo  -  Uof  + 


-P^ 

p(n+l) 


(5) 


Pi  is  the  pressure  at  the  initiation  of  steady  penetration  that  can  be  estimated  by 
the  Modified  Bernoulli  Equation  (e.g.,  Tate,  1967). 


Fi  =  +  Rt  =  ^p  (uo  -  uof  +  Yp  (6) 

In  this  equation,  Yp  is  the  dynamic  strength  of  the  penetrator,  Uq  is  the  impact 
velocity,  uq  is  the  penetration  velocity  during  mushroom  formation  (assumed  to 
be  approximately  constant),  and  jpp  is  the  target  density.  These  equations  can 
be  used  to  find  uq  in  terms  of  vq  and  the  other  physical  parameters,  as  well  as  the 
pressure  Pi. 


Penetration  depths  can  be  estimated  by  assuming  that  the  crater  in  the  target 
is  approximately  a  cylinder  whose  cross-sectional  area  can  be  computed  from  the 
engineering  strain  Ci  in  equation  (5).  E.xperimental  evidence  suggests  that  in  the 
range  of  impact  velocities  in  question,  the  relationship  between  crater  volume 
and  kinetic  energy  on  impact  Eq  is  approximately  linear. 


Vc  =  aEo  -f  b  (7) 

This  means  that  the  penetration  depth  ;  can  be  estimated  from 

2=l(l+ei)V;  =  l(l+e,)(a£„  +  6)  (8) 

where  A  is  the  original  cross-sectional  ajea  of  the  rod  penetrator.  The  constants 
a  and  b  are  determined  experimentally.  Figures  4  and  5  show  the  penetration 
depth  curve  predicted  by  equation  (7)  for  2024-  T3  aluminum  and  C1015  steel 
penetrators.  The  results  are  good  up  to  impacts  of  about  2.5  km/sec.  They 
deteriorate  rapidly  at  velocities  higher  than  that.  This  is  partly  due  to  the  simple 
pressure  distribution  presented  in  equation  (1).  In  the  next  section,  we  introduce 
a  more  general  pressure  distribution. 

A  DIFFERENT  DISTRIBUTION  OF  PRESSURE 

Following  a  suggestion  made  by  Anderson,  1991,  we  consider  an  alternative 
form  for  the  pressure  distribution  in  equation  (1).  A  uniform  component  q  is 
added  to  the  variable  distribution  in  equation  (1).  The  new  distribution  has  the 
form 
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Fig.  1.  n  vs.  target  strength/?  (MPa).  The  relationship 
between  them  is  approximately  given  by  n  =  8.544  x 
10'^  +  1830  /  /?.  □  denotes  a  fit  to  experimental  data. 


Fig.  2.  Strain  vs.  impact  velocity  (m/s)  for  2024-T3  A1 
(750  MPa)  penetrators  against  1 100-0  A1  (250  MPa) 
targets.  □  denotes  experimental  data  points, 
ej  (lower  solid  curve)  is  the  predicted  strain  at  the 
beginning  of  steady  state  and  (upper  solid  curve)  is 
the  predicted  strain  at  impact. 
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Fig.  3.  Strain  vs.  impact  velocity  (m/s)  for  C  1015  st. 
(1000  MPa)  penetrators  against  1 100-0  A1  (250  MPa) 
targets.  □  denotes  experimental  data  points. 

(lower  solid  curve)  is  the  predicted  strain  at  the 
beginning  of  steady  state  and  (upper  solid  curve)  is 
the  predicted  strain  at  impact. 
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Fig.  4.  Penetration  depth  (nun)  vs.  impact  velocity 
for  2024-T3  A1  penetrators  impacting  1  l(X)-0  A1 
targets.  □  denotes  experimental  data  points  for 
L/D=3  penetrators.  The  solid  curve  is  a  prediction 
based  on  the  crater  volume/kinetic  energy  relationship. 
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Fig.  5.  Penetration  depth  (mm)  vs.  impact  velocity 
(m/s)  for  C  1015  st  penetrators  impacting  1100-0  A1 
targets.  □  denotes  experimental  data  points  forL/I>=3 
penetrators.  The  solid  curve  is  a  prediction  based  on 
the  crater  volume/kinetic  energy  relationship. 
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where  Pa.  is  the  total  pressure  on  the  axis  of  the  penetrator.  Now,  the  average 
pressure  P  which  appears  in  the  equation  of  motion  of  Jones,  et  al  [1],  is  easily 
shown  to  be 


P 


nq  Pa 
n  +  1  n  +  1 


(10) 


where  A  is  the  undeformed  cross-sectional  area  of  the  penetrator.  Using  equation 
(10)  for  the  average  pressure  revises  the  equation  of  motion  for  the  undeformed 
section  into  the  form 


This  equation,  coupled  with  equation  (.3),  given  a  new  system  from  which  we  can 
estimate  the  initial  transient  behavior  of  the  penetrator  in  terms  of  two  parame¬ 
ters,  n  and  q.  It  should  be  noted,  however,  that  n  will  no  longer  have  the  simple 
interpretation  afforded  by  equation  (4). 

THE  INITIAL  TRANSIENT  STAGE 


Equations  (3)  and  (11)  can  be  used  to  estimate  the  initial  transient  behavior 
of  the  penetrator  when  suitable  assumptions  are  made  about  the  velocity  of  the 
undeformed  section  v  and  the  penetration  velocity  u.  Equation  (5)  was  developed 
by  Cinnamon,  et  al..  1992,  a,  by  assuming  that  v  and  u  ^  uq  (const.)  during 
the  mushrooming  of  the  penetrator.  These  assumptions  force  equations  (3)  and 
(11)  to  take  the  form 


and 


ei 


Vq  —  Uq 


(12) 


i{vo  -  Uq) 


-1 

/)(!  -l-e)(l  -l-n) 


{nq  +  p„) 


(13) 


When  i  is  algebraically  ehminated  between  these  equations,  we  get  a  single  equa¬ 
tion  for  the  mushroom  strain,  e. 


2 

-p{n  -b  1)  (uq  -  Up) 
p{n  +  1)  (uo  -  +Pa  +  nq 


(14) 


This  equation  expresses  e  in  terms  of  the  time-  dependent  pressure  pa,  the  uniform 
pressure  component  q,  and  the  parameter  n.  The  uniform  pressure  q  could  vary 
with  time,  but  for  this  analysis  we  will  assume  that  it  is  constant. 


Equation  (14)  is  valid  throughout  the  mushrooming  stage.  At  the  transi¬ 
tion  point  between  mushrooming  and  steady  state,  we  assume  that  the  Modified 
Bernoulli  Equation  (6)  applies.  This  suggests  that  equation  (14)  should  reduce  to 


-p{n  -H)(no  -  upf 
p{n  4-  1)  {I’o  -  uo)^  +  Pi+nq 


(15) 
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and  Pi  is  taken  from  equation  (6). 

The  two  parameter  strain  equation  (15)  is  used  to  match  experimental  data  at 
high  and  low  velocities.  The  parameters  q  and  n  are  then  determined  algebraically. 
For  C1015  steel  penetrators  impacting  1100-0  aluminum  targets,  the  results  are 
shown  in  Figure  6.  In  this  instance,  n  ~  15.14  and  q  =  105.17  MPa.  The  esti¬ 
mates  for  penetration  depth  using  equation  (8)  are  shown  in  Figure  7.  They  are 
somewhat  disappointing,  because  even  a  slight  variation  in  strain  at  percentages 
as  high  as  those  given  in  Figure  6,  can  produce  considerable  discrepancy  in  the 
penetration  depth  predicted  by  equation  (8). 

The  two  parameter  strain  equation  was  also  applied  to  some  of  the  cases  for 
which  only  low  velocity  data  was  available.  The  results  for  hard  4340  steel  pen¬ 
etrators  impacting  hard  4340  steel  targets  are  shown  in  Figures  8  and  9.  In  this 
CcLse,  n  =  3.07  and  q  =  344.8  MPa.  For  annealed  4340  steel  penetrators  impacting 
annealed  4340  steel  targets,  the  results  are  shown  in  Figures  10  and  11.  In  this 
instance,  n  =  2.58  and  q  =  705.89  MPa. 

Figures  12  and  13  show  the  results  of  tungsten  (WlO)  penetrators  impacting 
RH.A,  targets  at  velocities  between  1  km/sec  and  3km/sec.  The  e.xperimental 
comparison  is  taken  from  Silsby,  1984.  For  this  comparison,  n  =  8.42  and  q  = 
1790  MPa. 


CONCLUSIONS 

The  results  of  Cinnamon,  et  al..  1992,  a,  have  been  extended  to  the  penetra¬ 
tion  of  1100-0  aluminum  targets.  For  lower  impact  velocities,  say  those  under  2.5 
km/sec,  the  correlation  of  pressure  exponent  n  in  equation  (1),  predicted  by  equa¬ 
tion  (4),  produces  very  reasonable  results.  However,  for  higher  impact  velocities 
the  results  deteriorate  rapidly.  To  accommodate  higher  velocities,  the  pressure 
was  generalized  in  equation  (9)  and  the  strain  at  steady  state  Ci  was  shown  to 
correlate  very  well  with  independently  reported  experimental  results  [7]  for  two 
penetrators  impacting  1100-0  aluminum  targets.  The  penetration  depth  predic¬ 
tions  using  the  elementary  algebraic  method  introduced  by  Cinnamon,  et  al..  1992, 
a,  are  somewhat  disappointing.  However,  this  is  understandable.  .At  very  large 
strains,  even  minor  deviations  from  the  e.xperimental  results  will  produce  signif¬ 
icant  deviations  in  the  cross-sectional  area  of  the  crater.  As  a  result,  equation 
(8)  will  produce  estimates  that  differ  from  experiment.  Such  differences  are  not 
as  visible  at  low  velocities  because  the  strains  are  smaller  in  magnitude.  Future 
efforts  will  be  directed  toward  improvement  in  this  area.  Future  efforts  will  also 
center  on  other  forms  for  the  pressure  distribution  in  equation  (9).  Some  progress 
has  already  been  made  in  the  area. 

A  project  of  some  interest  to  us  is  the  physical  interpretation  of  n  and  q.  For 
the  simple  pressure  distribution  in  equation  (1),  a  low  velocity  interpretation  can 
be  provided  by  equation  (4).  However,  for  ^  =  0  and  velocities  higher  than  about 
3  km/sec.,  n  does  not  have  this  interpretation.  It  remains  to  be  seen  whether  a 
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Fig.  6.  Strain  vs.  impact  velocity  (m/s)  for  C  1015  st. 
(1000  MPa)  penetrators  against  1 100-0  Al  (250  MPa) 
targets.  □  denotes  experimental  data  points. 

Gower  solid  curve)  is  the  predicted  strain  at  the 
beginning  of  steady  state  and  (upper  solid  curve)  is 
the  predicted  strain  at  impact. 
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Fig.  8.  Strain  vs.  impact  velocity  (m/s)  for  hard  4.340 
St.  ( 1 825  MPa)  penetrators  against  hard  4.340  st.  ( 1 825 
MPa)  targets.  □  denotes  experimental  data  points. 
ei  (lower  solid  curve)  is  the  predicted  strain  at  the 
beginning  of  steady  state  and  (upper  solid  curve)  is 
the  predicted  strain  at  impact. 
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Fig.  10.  Strain  vs.  impact  velocity  (m/s)  for  annealed 
4.340  st.  (126.3  MPa)  penetrators  against  annealed  4.340 
st.  (1263  MPa)  targets.  □  denotes  experimental  data 
points,  e^  (lower  solid  curve)  is  the  predicted  strain  at 
the  beginning  of  steady  state  and  (upper  solid 
curve)  is  the  predicted  strain  at  impact. 
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Fig.  7.  Penetration  depth  (mm)  vs.  impact  velocity 
(m/s)  for  C  1015  sL  penetrators  impacting  1100-0  Al 
targets.  □  denotes  experimental  data  points  for 
L/D=3  penetrators.  The  solid  curve  is  a  prediction 
based  on  the  crater  volume/kinetic  energy  relationship. 
The  disparity  noted  for  the  intermediate  velocities  is 
caused  by  small  deviations  in  the  predicted  strain 
which  can  result  in  large  deviations  in  the  predicted 
cross-sectional  area  of  the  crater. 
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Fig.  9.  Penetration  depth  (mm)  vs.  impact  velocity 
(m/s)  for  hard  4340  sL  penetrators  impacting  hard 
4340  sL  targets.  □  denotes  experimental  data  points 
for  L/D=10  penetrators.  The  solid  curve  is  a 
prediction  based  on  the  crater  volume/kinetic  energy 
relationship. 
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Fig.  11.  Penetration  depth  (mm)  vs.  impact  velocity 
(m/s)  for  annealed  4340  st.  penetrators  impacting 
annealed  4340  sL  targets.  □  denotes  experimental 
data  points  for  L/D=5  penetrators.  The  solid  curve  is  a 
prediction  based  on  the  crater  volume/kinetic  energy 
relationship. 
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Fig.  1 2.  Strain  vs.  impa<  ^locity  for  tungsten 
W  10  (2500  MPa)  penel  ■  against  RHA  (1000 
MPa)  targets.  □  denotes  ,  xirimenlal  data  points. 
ei  (lower  solid  curve)  is  the  predicted  strain  at  the 
beginning  of  steady  state  and  (upper  solid  curve)  is 
the  predicted  strain  at  impact. 
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Fig.  13.  Penetration  depth  (nun)  vs.  impact  velocity 
(m/s)  for  Tungsten  W  10  penetrators  impacting  RHA 
targets.  □  denotes  experimental  data  points  for 
L/D=3  pwnetrators.  The  solid  curve  is  a  prediction 
based  on  the  crater  volume/kinetic  energy  relationship. 
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physically  ba^ed  understanding  of  these  parameters  can  be  found. 
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ABSTRACT 

Modeling  and  experiments  arc  being  done  with  the  goal  of  understanding  the  physics  of  projectile 
acceleration  at  high  driving  pressures  (megabar  range)  and  short  acceleration  times  (a  few  microseconds) 
well  enough  to  design  and  test  successful  hypcrvelocity  launch  systems.  The  Fast  Shock  Tube,  a 
cylindrically  convergent  high-explosive  driver,  has  been  used  to  accelerate  projectiles.  Detailed 
modeling  of  the  experiments,  including  high-pressure  gas  flow,  projectile  instability,  and  projectile 
fracture,  has  been  done  with  the  MESA/2D  code.  Modeling  results  show  quantitative  agreement  with 
the  average  behavior  of  the  system.  However,  details  of  projectile  behavior  are  not  predicted  well. 
Observed  velocity  distributions  across  the  diameter  of  a  projectile  or  projectile  shapes  are  only  in 
qualitative  agreement  with  calculations.  This,  then,  presents  the  major  constraint  on  the  successful 
design  of  a  launch  system:  that  the  processes  that  limit  projectile  integrity  depend  on  the  details  of  the 
drive  conditions,  and  these  details  are  not  quantitatively  modeled  at  this  time. 


INTRODUCTION 

The  Fast  Shock  Tube  (FST)  is  a  cylindrically  convergent  high-explosive  (HE)  system  for  driving  a  flat 
axial  shock  in  a  polystyrene  foam  core  inside  the  HE  (Marsh  and  Tan,  1992;  Meier  and  Kerrisk,  1992; 
Kerrisk  and  Meier,  1992).  The  shocked  foam,  which  acts  like  a  gas,  is  used  as  a  driver  for  gas-flow  or 
projectile-acceleration  tests.  Drive  conditions  much  higher  than  direct  HE  drive  can  be  obtained  in  the 
FST.  Projectiles  can  be  shock  accelerated  (in  direct  contact  with  the  foam)  or  accelerated  more  gently  by 
expanding  the  foam  before  acceleration.  Peak  driving  pressures  on  flat-plate  projectiles  have  ranged 
from  0.3-1  Mbar.  Intact  plates  have  been  accelerated  up  to  -0.9  cm/ps  over  distances  of  a  few 
centimeters. 

The  work  discussed  here  represents  an  attempt  to  probe  limits  of  projectile  acceleration  under  the  high- 
pressure  drive  conditions  attainable  in  the  FST.  The  initial  problem,  that  of  achieving  a  source  of  high- 
pressure  gas  with  uniform  conditions  (pressure,  density,  velocity)  over  an  area  of  at  least  a  few  square 
centimeters,  has  been  .solved  by  the  FST  driver  (Meier  and  Kerrisk,  1992;  Menikoff  et  al.,  1991). 
However,  the  use  of  this  driver  gas  presents  a  number  of  additional  problems.  If  projectile  acceleration 
were  one  dimensional,  problems  of  shock  formation  and  spall  fracture  would  still  occur.  These  problems 
can  be  mitigated  by  tailoring  the  pressure/time  history  of  the  drive  with  an  expansion  region  between  the 
initial  location  of  the  drive  gas  and  the  projectile.  However,  one-dimensional  drive  is  an 
oversimplification.  With  a  uniform,  two-dimensional  drive  but  with  ideal  (rigid,  reflecting)  boundaries, 
the  additional  problems  of  projectile  in.stability,  stresses  associated  with  exit  from  a  barrel,  and  two- 
dimensional  fracture  would  occur.  These  problems  become  more  difficult  to  .solve  as  the  driving 
pressure  increases.  With  the  FST,  however,  even  this  is  an  oversimplification.  Driving  prcs.surcs  in  the 
FST  arc  well  above  any  material  strengths.  Thus,  real  boundaries  (for  example,  the  barrel  wall)  deform 
during  projectile  acceleration.  Deformation  of  boundaries  leads  to  flow  perturbations  and  nonuniform 
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drive  conditions.  This,  in  turn,  intensifies  the  instability  and  fracture  problems  inherent  in  the  two- 
dimensional  system. 

These  problems  arc  being  investigated  through  a  combination  of  experiments  and  two-dimensional 
modeling.  Our  goal  is  to  understand  the  physics  underlying  the  process  of  projectile  acceleration  with  a 
high-pressure  gas  well  enough  to  design  and  test  successful  launch  systems. 


DKSCRIPTION  OF  THE  FAST  SHOCK  TUBE 


Figure  1  shows  one  of  a  number  of  related  FST  sy.stcms  that  has  been  built  and  tested.  The  initiator 
section  insures  a  uniform  initiation  of  the  driver  HE  around  the  outer  periphery.  The  detonation  front 
moves  axially  along  the  HE/foam  interface  in  the  driver  at  the  detonation  velocity  (0.88  cm/ps  for 
PBX  9501),  forming  a  flat,  normal  shock  in  the  foam.  The  design  parameters  of  the  driver  section 
(diameters,  lengths,  type  of  HE,  foam  density)  must  be  chosen  properly  to  achieve  the  flat  shock  and 
uniform  flow  conditions  behind  the  shock  in  the  foam  core  (Meier  and  Kerrisk,  1992;  Mcnikoff  ct  al., 
1991).  In  the  system  shown  in  Fig.  I,  an  initial  foam  density  of  0.5  g/cm^  gives  a  pressure  of -0.3  Mbar 
and  a  particle  vckx-iiy  of  -0.66  cm/ps  behind  the  shock  in  the  foam.  Figure  2  .shows  calculated  material 
interfaces  and  pressure  contours  in  the  HE  and  foam  of  the  driver  from  Fig.  1  when  the  shock  is  -1  cm 
from  the  end  of  the  driver.  The  calculations  (all  hydrodynamic  calculations  discussed  here  were  done 
with  MESA/2D  (Cagliostro  ct  al.,  1990))  arc  in  good  agreement  with  radiographs  showing  the 
detonation  front  and  flat  shock  in  the  foam.  The  lack  of  radial  variation  of  the  pressure  (also  density  and 
axial  velocity)  contours  behind  the  shock  shows  that  this  flow  is  radially  uniform.  This  condition  is 
ncce.ssary  to  achieve  a  sustained,  uniform  acceleration. 

An  experimental  section  consisting  of  a  barrel,  an  expansion  region  for  the  shocked  foam,  and  a 
projectile  (plate)  is  also  shown  in  Fig.  1 .  A  variety  of  other  experiments,  including  driver  diagnostics  or 
direct  acceleration  of  plates,  have  been  u.scd  on  the  end  of  the  driver.  Projectiles  in  the  form  of  plates  of 
stainless  steel,  Ti,  and  Ta  with  diameters  of  10-25  mm  and  thicknesses  of  0.7-3. 5  mm  have  been 
accelerated. 


Fig.  1  Sketch  of  the  Fast  Shock  Tube. 


EXPANSION  OF  THE  DRIVING  GAS 

Projectiles  can  be  accelerated  by  placing  the  projectile  in  direct  contact  with  the  foam.  However,  this 
methexi  shocks  the  projectile  up  to  pressures  of  -1  Mbar.  Although  these  shock  pressures  are  not  high 
enough  to  melt  the  materials  tested,  they  result  in  high  temperatures  and  the  possibility  of  spalling.  For 
these  rea.sons,  a  short  expansion  down  a  barrel  has  bwn  used  to  modify  the  pressure/time  history  driving 
the  plate  (Fig.  1).  Although  expansion  can  eliminate  shtxks  in  the  projectile,  the  high  pressures  and 
velocities  of  the  expanding  foam  deform  the  barrel  walls  during  expansion  and  acceleration.  Row  past 
the  deformed  walls  disturbs  the  initially  uniform  flow  from  the  driver  and  results  in  increasingly 
nonuniform  drive  conditions.  Figure  3  shows  material  interfaces  and  vector  vcUKitics  in  the  vicinity  of 
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Fig.  2  Material  interfaces  and  pressure  contours  in  the  FST  at  45  ps  after 
initiation  of  the  driver  HE. 


the  barrel  (stainless  steel)  and  projectile  (2-mm  thick  stainless  steel)  ~5  ps  after  the  start  of  motion  of  the 
projectile.  The  distorted  barrel  walls  (compare  with  Figs.  1  and  2)  and  radially  nonuniform  flow  behind 
the  projectile  arc  evident. 

MESA/2D  calculations  of  initially  uniform  flow  entering  and  flowing  down  a  stainless  steel  barrel  show 
flow  perturbations  starting  at  the  barrel  wall  and  moving  radially  out  into  the  gas  stfeam.  The  most 
prominent  deformations  of  the  barrel  wall  occur  at  the  cnU’ance,  at  any  discontinuities  such  as  the 
interface  between  the  foam  and  expansion  region,  and  at  the  initial  axial  location  of  the  plate  (.sec  Fig.  3). 
The  dc.sign  of  the  barrel  entrance  .shown  in  Fig.  1  represents  an  attempt  to  minimi/c  flow  perturbations 
from  the  cnuancc. 

Row  that  is  c.ssenlially  uniform  1-2  ps  after  the  .start  of  expansion  develops  density  perturbations  of 
10-20%  by  5  ps  after  the  start  of  flow.  The  magnitude  of  a  perturbation  also  tends  to  increase  as  it 
converges  radially.  These  perturbations  result  in  nonuniform  drive  conditions.  The  details  of  when  and 
where  (radially)  the  flow  perturbations  influence  the  plate  depend,  among  other  parameters,  on  the  sound 
speed  in  the  shtxikcd  and  expanding  foam.  Attempts  to  calculate  the  effects  of  thc.se  flow  perturbations 
on  projectile  velocity  have  shown  only  qualitative  agreement  with  observations  (sec  discussion  of  LINE 
VISAR  measurements,  below).  Uncertainties  in  the  equation  of  state  (EOS)  of  the  foam  arc  thought  to 
be  mostly  responsible  for  these  differences. 


EARLY  PRO.IECTILE  ACCELERATION 

The  early  motion  of  2-mm-thick  stainlc.ss  .steel  plates  has  been  observed  in  systems  like  Fig.  1  using  a 
LINE  VISAR  to  measure  velocity  across  a  diameter  of  the  plate  (Hemsing  ct  1992).  This  technique 
provides  vekKily  data  for  2-4  ps  after  the  start  of  motion.  After  that  time,  gas  blowby  around  the  edges 
of  the  plate  disrupts  the  VISAR  signal.  Figure  4  .shows  plots  of  the  axial  vekKity  of  the  front  surface  of 
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Fig.  3  Material  interfaces  and  velocity  vectors  in  the  FST  ~5  )is  after  start  of 
motion  of  the  projectile  (plate). 


the  plate  as  a  function  of  the  distance  across  a  diameter.  At  each  time  observed  and  calculated  velocity 
profiles  arc  shown.  At  50.5  ps  (-0.1  ps  after  the  start  of  motion),  the  observed  data  show  the  edges  of 
the  plate  moving  faster  than  the  center;  the  calculations  show  the  center  moving  faster.  By  50.9  ps,  the 
observed  and  calculated  velocities  are  in  good  agreement.  At  later  limes,  some  show  good  agreement 
between  observations  and  calculations  and  others  show  poor  agreement. 

An  examination  of  the  observed  velocity  profiles  in  Fig.  4  shows  that  a  perturbation  (an  increase  in 
velocity)  starts  at  the  edges  of  the  plate  at  -50.7  ps  and  moves  toward  the  center,  reaching  the  r  =  0  axis 
between  51.6  and  52  ps.  This  disturbance  in  the  velocity  is  probably  caused  by  a  flow  perturbation  in 
the  driving  gas.  The  calculations  indicate  a  much  smaller  perturbation  of  a  similar  nature.  The 
discrepancy  between  these  observations  and  calculations  is  an  example  of  our  inability  to  calculate  the 
details  of  the  flow  perturbations  and  their  effects  on  the  plate  at  this  time. 

Calculated  average  projectile  velocities  depend  to  a  large  extent  on  the  EOS  of  the  foam.  Figure  5  is  a 
plot  of  calculated  projectile  velocity  (2-mm  thick  by  25-mm-diametcr  stainless  steel  plate)  using  ideal- 
gas  and  SESAME  (Holian,  1984)  EOSs  for  the  foam  compared  with  the  measured  average  velocities 
obtained  from  three  radiographs  and  impact  on  a  witness  plate.  These  two  EOSs  were  chosen  based  on 
comparisons  of  the  observed  and  calculated  shock  positions  in  the  FST  driver.  In  that  comparison  and 
for  projectile  velocities,  they  tend  to  bracket  the  observed  behavior.  A  single  suitable  EOS  has  not  been 
found. 


PROJECTILE  STABILITY 

During  acceleration,  the  driving  gas  that  is  pushing  the  projectile  is  of  lower  density  than  the  projectile 
material.  This  leads  to  the  possibility  of  instabilities  that  are  similar  to  the  Raylcigh-Taylor  instability  at 
the  interface  between  two  fluids  of  different  density  in  a  gravitational  field.  Previous  examinations  of 


H\(vr\cl«K.ii\  proieciilcN  Inmi  the  Iasi  >h»Kk  juho 


421 


-15.0  -10.0  -5.0  0.0  5.0  10.0  15.0 

Radius  (mm) 

Fig.  4  Observed  (LINE  VISAR)  and  calculated  (MESA/2D)  velocity 
profiles  of  the  front  surface  of  a  2-mni-thick  siainle.ss  steel  plate 
accelerated  in  the  FST  (test  HI 434).  The  lower  plot  shows  times 
from  50.5  to  51.2  ps  on  an  expanded  scale;  the  upper  plot  shows 
times  from  5 1 .2  to  54  ps. 


the  stability  of  accelerated  plates  involved  Lagrangian  numerical  calculations  (Sweglc  and  Robinson, 
1989)  or  cxperimcnis  (Barnes  et  al.,  1974;  Barnes  et  al.,  1980)  on  plates  with  prescribed  initial  surface 
perturbations.  This  work  would  be  applicable  if  the  driving  pressure  were  uniform  across  the  diameter 
of  a  plate.  However,  experiments  and  calculations  indicate  that  nonuniformilics  exist  in  the  FST  drive. 
The  calculations  described  here  were  Eulerian  (with  MESA/2D,  the  same  code  used  for  other  FST 
calculations)  and  used  a  prescribed  driving-pressure  perturbation  on  a  plate  that  had  an  initially  uniform 
surface.  Perturbations  that  varied  only  spatially  and  that  varied  with  space  and  time  were  used. 
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Fig.  5  Observed  average  projectile  velocities  obtained  from  radiographs  and 
a  witness  plate  compared  with  calculated  (MESA/2D)  velocities 
using  two  foam  EOSs  (test  E6035). 


A  group  of  calculations  was  done  initially  to  compare  the  MESA/2D  results  with  the  Lagrangian 
calculations  of  Sweglc  and  Robinson  (1989).  The  agreement  was  good  except  for  one  case  in  which  the 
system  was  on  the  boundary  between  stability  and  iastability.  Sweglc  and  Robinson  predicted  the  plate 
was  just  stable,  but  MESA/2D  predicted  it  was  marginally  unstable.  Trends  in  the  susceptibility  of 
plates  to  instability  were  observed  from  calculations  in  which  various  parameters  were  .systematically 
varied.  Increasing  the  wavelength  to  plate  ‘hickness  ratio,  increasing  the  relative  magnitude  of  the 
perturbation,  increasing  the  driving  pressure,  or  decreasing  the  yield  strength  of  the  plate  all  led  to 
greater  tendency  for  instability.  These  same  trends  were  observed  whether  produced  by  an  initial  surface 
perturbation  on  the  plate  or  by  a  driving-pressure  perturbation. 

A  simple  analytical  argument  can  be  made  to  show  that  these  two  types  of  perturbations  arc  equivalent 
after  an  initiation  period.  In  the  limit  of  small  perturbations  and  fcr  a  steady-state  pressure  gradient, 
there  is  a  relation  between  the  initial  relative  surface  perturbation  (Aho/h)  and  the  relative  pressure 
perturbation  (AP/P)  that  gives  the  same  axial  pressure  gradient.  For  this  analysis,  h  is  the  plate  thickness. 
Ah  is  the  pcak-to-pcak  surface  variation,  Aho  is  the  initial  value  of  Ah,  P  is  the  pressure,  and  AP  is  the 
pcak-to-pcak  prc.ssurc  variation.  Figure  6  shows  sketches  of  the  prcs.surc  gradient  through  a  plate  of 
thickness  h.  On  the  left,  the  driving  pressure  is  uniform  and  the  gradients  for  two  different  plate 
thicknesses  (h  and  (h  -  Aho))  arc  shown.  On  the  right,  the  plate  thickness  is  uniform  and  the  gradients  for 
two  different  driving  pressures  |(P+  1/2AP)  and  (P-  1/2 AP)]  arc  shown.  For  the  ratio  of  these  two 
gradients  to  be  the  same  in  the  two  cases.  Fig.  6  shows  that  Aho/h  =  AP/P.  That  is,  the  ratio  of  the 
pressure  gradients  would  be  the  same  if  the  magnitude  of  the  relative  initial  surface  perturbation  (Aho/h) 
is  the  same  as  the  magnitude  of  the  relative  prcs.surc  perturbation  (AP/P).  Bccau.se  the  axial  prc.ssurc  or 
.strc.ss  gradient  drives  the  instability  (Sweglc  and  Robinson,  1989),  the  behavior  of  plates  should  be 
similar  under  these  conditions. 

Figure  7  is  a  plot  of  Ah  as  a  function  of  lime  that  compares  three  calculations  in  which  a  uniform  drive 
prc.s.surc  and  initial  surface  perturbation  were  used  (Aho/h  =  0.2%)  with  three  otherwise  identical 
calculations  in  which  a  uniform  plate  and  a  perturbation  (AP/P  =  0.2%)  in  the  driving  pressure  were 
used.  For  these  calculations,  i'  ^  average  driving  pressure  for  a  2-mm-thick  tungsten  plate  rose  to 
1  Mbar  in  0.1,  1.0,  or  I0.0p<  a  'lt  .hen  was  held  constant.  At  early  time  there  is  a  large  difference 
between  the  two  sets  of  calcti  .I'l:  .  ccau.se  it  takes  some  time  for  plates  that  have  Aho  =  0  to  catch  up 
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Fig.  6  Sketch  of  pressure  gradients  formed  by  a  uniform  pressure  on  a 
variable  surface  (left)  and  a  variable  pressure  on  a  uniform  surface 
(right). 


Time  (ns) 

Fig.  7  Ah  as  a  function  of  time  for  six  calculations  that  compare  the  effects 
of  initial  surface  perturbations  with  those  of  pressure  perturbations  on 
an  initially  uniform  surface. 


with  the  plates  that  have  Aho  =  O.fXXM  cm.  At  later  time,  the  best  agreement  is  for  the  problem  with  the 
longest  rise  time  (10  ps);  this  problem  best  meets  the  assumption  of  a  steady-state  prcs.sure  gradient. 
However,  the  agreement  is  rea.sonable  in  the  ca.se  of  the  shortest  rise  time  (0.1  ps)  even  though  the 
pressure  gradient  is  far  from  steady  state.  The  problem  with  the  intermediate  rise  time  (1  ps)  is  on  the 
boundary  between  stability  and  instability  and  shows  the  poorest  late-time  agreement  of  the  three. 
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Stability  calculations  that  are  more  characteristic  of  the  type  of  perturbations  seen  in  the  FST  were  also 
done.  For  these  calculations  the  average  driving  pressure  on  a  24-mm  diameter  by  2-mm-ihick  stainless 
steel  plate  rose  to  a  maximum  (Pm)  of  0.4,  0.7.  or  1  Mbar  in  1  ps,  held  constant  for  1  ps,  and  then 
dropped  to  zero  over  6  ps.  A  pressure  perturbation  that  started  near  the  edge  of  the  plate  and  moved 
toward  the  r  =  0  axis  at  0.5  cm/ps  was  superimposed  on  the  average  pressure.  The  perturbation  was 
assumed  to  decay  to  zero  after  it  reached  the  r  =  0  axis.  A  series  of  calculations  was  done  to  find  the 
magnitude  of  the  pressure  perturbation  (AP/P)  that  produced  the  same  maximum  plate  deformation 
(Ahm)  at  a  particular  time  in  the  calculation.  Figure  8  is  a  plot  of  AP/P  as  a  function  of  Pm  that  produces 
Ahm  =  0.5  mm  at  12  ps  and  Ahm  =  5  mm  at  12  ps.  The  lines  represent  contours  of  constant  Ahm  in 
AP/P  -  Pm  space.  The  velocities  shown  arc  the  final  plate  velocities.  Figure  8  indicates  that  as  the 
maximum  driving  pressure  in  the  FST  increases,  the  allowable  AP/P  for  some  fixed  maximum  plate 
deformation  decreases.  The  relation  is  nonlinear  so  that  the  decrease  in  allowable  AP/P  is  occurring 
faster  than  the  proportionate  increase  in  pressure.  Larger  levels  of  AP/P  can  be  tolerated  if  larger 
maximum  plate  deformations  arc  acceptable. 


PROJECTILE  INTEGRITY 

Radiographs  have  often  shown  breakup  of  projectiles  that  have  exited  the  barrel  of  the  FST  (Marsh  and 
Tan,  1992).  This  breakup  is  probably  caused  by  conditions  (time-varying,  localized  tensile  stresses 
within  the  projectile  that  lead  to  fracture.  The  ability  of  two  fracture  models  in  MESA/2D  to  describe 
this  behavior  was  e.xamincd  with  calculations  of  the  acceleration  of  a  19-mm-diamctcr  by  2.66-mm-thick 
Ti-6A1-4V  plate.  This  material  was  highly  fragmented  in  test  radiographs  (Marsh  and  Tan,  1992). 
Parameters  for  the  Johnson-Cook  Damage  (JCD)  model  (Johnson  and  Cook,  1985)  were  originally 
obtained  from  Johnson  and  Holmquist  (1989).  However,  use  of  these  parameters  to  model  a  one- 
dimensional  spall  test  (Mc-Bar  ct  al.  1987)  did  not  predict  spall  when  it  was  observed.  Values  of  Sspali 
and  Cmin  were  varied  in  a  scries  of  one-dimensional  calculations  until  the  calculated  stress  matched  the 
observed  data.  The  other  model  parameters  (Dj  -  D5)  were  held  fixed  at  the  values  given  by  Johnson 
and  Holmquist.  Parameters  for  the  Johnson  Spall  (JS)  model  (Johnson,  1981)  were  determined  by 
matching  the  same  spall-test  data. 

As  a  measure  of  damage,  the  JCD  model  u.scs  a  damage  fraction  (0  <  D  <  1)  that  is  accumulated  from  the 
ratio  of  the  incremental  plastic  strain  to  a  predicted  strain  to  failure  at  each  time  step.  The  JS  model 
calculates  a  material  porosity  (0  <  a  <  1).  Although  the  ranges  of  these  two  damage  measures  arc  the 
.same,  they  arc  probably  not  directly  comparable.  There  is  also  a  difference  in  how  damage  is 
communicated  to  the  strength  model.  With  the  JCD  model,  there  is  no  communication  until  D  =  1,  at 
which  time  the  yield  strength  and  .shear  modulus  arc  set  to  zero.  In  the  JS  model,  the  yield  strength  and 
shear  modulus  arc  continuously  degraded  as  porosity  increases  (Johnson,  1981). 

Figure  9  shows  a  plot  of  plastic  strain,  damage  fraction,  and  porosity  at  r  =  0  and  the  mid  plane  of  the 
plate  for  three  calculations  of  the  acceleration  of  the  Ti-6AI-4V  plate,  one  without  fracture,  one  using  the 
JS  model,  and  one  using  the  JC  D  model.  The  accumulated  plastic  strain  differs  .significantly  among  the 
three  calculations.  With  the  JCD  model,  plastic  strain  is  no  longer  accumulated  after  -23.1  ps,  when  D 
is  1  at  this  location.  (The  earlier  rise  of  D  above  1  (at  20.5  ps)  and  ius  subsequent  drift  downward  were 
caused  by  numerical  diffusion  in  this  Eulcrian  calculation.)  Although  there  is  a  difference  in  the 
magnitude  of  damage  fraction  and  porosity,  the  two  models  tend  to  show  sharp  increases  at  about  the 
same  time.  This  is  when  the  local  tensile  .stresses  are  highest.  Looking  at  damage  patterns  over  the 
entire  plate,  the  two  models  predict  the  most  damage  in  the  same  regions,  near  the  axis  (r  =  0)  toward  the 
front  of  the  plate  (where  spall  is  most  likely)  and  near  the  intersection  of  the  plate  with  the  barrel  walls 
(where  considerable  plastic  strain  occurs).  Neither  model  predicts  the  complete  fragmentation  observed 
in  the  test. 


LIMITATIONS  ON  PROJECTILE  ACCELERATION 

The  goal  of  this  work  is  to  understand  the  physics  underlying  projectile  acceleration  well  enough  to 
design  and  test  successful  hypcrvciocity  launch  systems.  A  qualitative  understanding  of  the  problems 
a.ssociated  with  projectile  acceleration  at  high  driving  pressures  and  short  acceleration  times  has  been 
attained.  The  major  problems  encountered  have  been  shock  formation  in  the  projectile,  projectile 
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Plastic  strain,  porosity  (JS  model),  and  damage  fraction  (JCD  model) 
as  a  function  of  time  for  three  calculations  (without  fracture,  the  JS 
model,  and  the  JCD  model)  of  the  acceleration  of  a  2.66-mm-thick 
Ti-6A1-4V  plate.  The  three  thin  curves  show  plastic  strains  for  the 
three  calculations.  The  two  thick  curves  show  damage  measures  for 
the  calculations  using  the  JS  and  JCD  models. 


instability,  and  projectile  fracture.  Shock  formation  in  the  projectile  can  be  limited  by  tailoring  the 
pressure/time  profile  on  the  projectile.  In  the  FST,  an  expansion  region  between  the  foam  core  and  the 
projectile  limits  shock  formation.  However,  flow  in  the  expansion  region  leads  to  flow  perturbations  that 
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rcsull  in  nonuniform  driving  pressures  on  ihe  projeclile.  The  likelihood  of  instabilities  leading  to 
projectile  distortion  or  breakup  increases  as  the  drive  becomes  more  nonuniform.  Projectile 
fragmentation,  probably  from  localized  tensile  stresses,  has  been  shown  to  be  a  material-dependent 
problem  (Marsh  and  Tan,  1992). 

Mcxleling  of  FST  tests  has  shown  quantitative  agreement  with  the  average  behavior  of  the  system.  For 
example,  calculated  average  projectile  velocities  are  normally  in  good  agreement  with  observations. 
However,  details  of  projectile  behavior  arc  not  predicted  well.  Observed  velcKity  distributions  across  the 
diameter  of  a  projectile  (LINE  VISAR  data)  or  projectile  shapes  (radiographs)  arc  only  in  qualitative 
agreement  with  calculations.  This  presents  the  major  constraint  on  the  successful  design  of  a  launch 
system:  that  the  processes  that  limit  projectile  integrity  depend  on  the  details  of  the  drive  conditions,  and 
these  details  arc  not  quantitatively  modeled  at  this  time.  The  need  for  two-dimensional  modeling  is  a 
consequence  of  the  kinds  of  problems  encountered.  The  nonuniformitics  in  driving  pressure,  material 
distortions,  and  plate  instabilities  and  fracture  arc  all  two-dimensional  effects  that  would  be  missed  in 
one-dimensional  modeling. 
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NUMERICAL  AND  EXPERIMENTAL  STUDIES  OF  HICJH-VELOCn  Y  IMPACT 

FRAGMENTATION 
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ABSTRACT 

Developments  are  reported  in  both  numerical  and  experimental  capabilities  for  characterizing  the  debris  spray 
produced  in  penetration  events.  We  have  performed  a  series  of  high-velocity  experiments  specifically  designed  to 
examine  the  fragmentation  of  the  projectile  during  impact.  High-strength,  well -characterized  steel  spheres  (6.55  min 
diameter)  were  launched  with  a  two-stage  light-gas  gun  to  velocities  in  the  range  of  3  to  5  km/s.  Normal  impact  with 
PMMA  plates,  thicknesses  of  0.6  to  1 1  mm,  applied  impulsive  loads  of  various  amplitudes  and  durations  to  the  steel 
sphere.  The  extent  of  fragmentation,  loss  in  momentum,  and  divergence  of  the  debris  are  showti  to  correspond  to  the 
itnpact  conditions.  Multiple  flash  radiography  was  used  to  monitor  material  motion  and  fragmentation  of  the  steel 
sphere  during  the  impact  event.  Dynamic  fragmentation  theories,  based  on  energy-balance  principles,  were  used  to 
evaluate  local  material  deformatioti  and  fracture  state  infonnation  from  CTH,  a  three-dimensional  Euleriati  solid 
dynatnics  shock  wave  propagation  code.  The  local  fragment  characterization  of  the  material  defines  a  weighted 
fragment  size  distribution,  and  the  sum  of  these  distributions  provides  a  composite  particle  size  distribution  for  the 
steel  sphere.  The  calculated  axial  and  radial  velocity  changes  agree  well  with  experimental  data,  and  the  calculated 
fragment  sizes  for  a  specific  experiment  arc  in  qualitative  agreement  with  the  radiographic  data. 

INTRODUCTION 

.Some  basic  theories  have  emerged  within  the  past  decade  for  predicting  the  consequences  of  dynamic  fragmentation 
brought  about  by  high-velocity  impact  or  explosive  events.  These  theories  have  focused  principally  on  the  prediction 
of  mean  fragment  size  through  energy  and  tnomentum  balance  principals  (e.g.  Grady.  1982.  Kipp  and  Grady.  1985; 
Glenn  and  Chudnovsky.  1986)  and  on  the  statistical  issues  of  fragment  size  distributions  (e.g.  Brown,  1989;  Englraan, 
ft  al..  1984;  Grady  and  Kipp,  1985).  This  theoretical  basis  has  provided  the  underlying  framework  for  a  number  of 
computational  algorithms  employed  to  analyze  complex  fragmentation  events  (e.g.  Johnson,  ei  at..  1990;  Mclosh.  el 
(il..  1992:  Smith,  1989), 

The  present  studies  focus  on  the  developtnent  of  both  numencal  and  experimental  capabilities  for  characterizing  the 
debris  spray  produced  in  penetration  events.  A  systematic  fragment  debris  databa.se  is  essential  for  the  continued 
development  of  a  theoretical  understanding  of  fragmentation  and  the  assrKiated  computational  model  development 
and  verification.  This  inve.stigation  of  itnpact-induccd  fragmentation  was  undertaken  to  provide  such  an  experimental 
base  of  high-resolution  impact  fragmentation  data  for  evaluating  models  and  the  accuracy  of  current  computatiotial 
fragmentation  analysis  techniques. 

The  primary  experimental  objective  in  this  study  was  to  investigate  the  dynamic  fragmentation  characteristics  of  a 
high-strength  steel,  through  controlled  impact  experiments,  using  flash-radiography  diagnostics.  Experiments  of  this 
type  usually  involve  the  high-velocity  interaction  of  a  metal  projectile  with  a  stationary  target  (plate)  of  similar  or 
dissimilar  metals.  Radiographic  diagnostics  of  the  fragmentation  event  cannot  readily  discriminate  projectile 
fragments  from  target  fragments.  In  each  of  the  pre.sent  experiments,  a  high-velocity  steel  sphere,  accelerated  to  a 
velocity  in  the  range  of  3  to  5  km/s,  undergoes  normal  impact  on  a  thin  stationary  plastic  plate.  The  plate  imparts  a 
controlled  impulse  to  the  steel  sphere  of  magnitude  and  duration  determined  by  impact  velocity  and  plate  thickness. 
The  radiographic  diagnostic  exclusively  images  the  fragmented  steel  sphere,  since  the  target  plastic  is  transparent  to 
the  x-ray  beam.  This  technique  offers  useful  analysis  and  interpretation  features  of  the  fragmentation  event  not 
available  in  multi-metal  impact  experiments,  foremost  of  which  is  the  association  of  the  known  mass  of  the  sphere 
with  the  debris  in  the  radiograph. 
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The  numerical  tool  chosen  for  development  of  fragmentation  prediction  capability  is  the  three-dimensional  Eulerian 
wave  propagation  code,  CTH  (McGlaun,  et  al,  1990).  A  post-processor  was  developed  to  determine  local  average 
fragment  sizes  from  strain-rate  and  temperature  information,  using  the  dynamic  fragmentation  theories  mentioned 
previously. 


EXPERIMENTAL  CONFIGURATION  AND  MATERIALS 

The  experimental  configuration  for  the  series  of  impact  fragmentation  tests  is  shown  in  Fig.  1 .  Saboted  steel  spheres 
were  launched  at  velocities  between  about .)  to  5  km/s  with  a  two-stage  light-gas  gun  system.  The  launch  tube  diameter 
was  12  mm.  Plastic  sabots  were  separated  from  the  steel  spheres  through  forces  produced  by  a  slight  back  pressure  in 
the  gun  range  section.  .Sabot  .segments  are  trapped  upstream  and  do  not  reach  the  target  impact  chamber.  Velocity  of 
the  steel  spheres  is  measured  to  ±1%  accuracy  by  recording  the  time  interval  during  passage  between  two  magnetic 
coils  of  known  separation.  Normal  impact  occurred  in  the  target  chamber  at  the  center  of  a  75  mm  by  75  mm  .square 
plastic  target  plate  of  thickness  between  0.6  and  1 1  mm.  The  plastic  is  PMMA  (polymeihyl-melhaciylate)  Rohm  and 
Haas  Type  II  UVA,  and  has  a  nominal  density  of  1 186  kg/m^. 

In  all  experiments  a  steel  sphere  6.35  mm  (1/4  in.)  in  diameter  was  used.  The  measured  mass  was  1 .027 ±  0.001  grains. 
The  steel  was  AISI  E52100  high-carbon  chromium  steel,  heat  treated  to  a  Rockwell-C  hardness  of  60  to  67.  The 
density  of  the  steel  is  7837  kg/m^.  yield  strength  is  2.03  GPa,  fracture  toughness  is  30  to  40  MPa  m’^.  and  elastic 
modulus  (Young's)  is  200  GPa.  with  a  Poisson  ratio  of  0.29. 

Fragment  debris  is  diagnosed  at  two  stations  (approximately  150  mm  and  300  mm)  downstream  from  the  input  point. 
Two  150  keV  flash  x-ray  tubes,  placed  approximately  400  mm  from  the  line  of  debris  travel,  provided  orthogonal 
shadow  graphs  of  the  fragment  debris,  as  shown  in  Fig.  1.  Appropriate  delay  times  were  calculated  from  the  predicted 
impact  velocity  and  x-ray  tubes  independently  triggered  from  the  second  magnetic  velocity  coil.  The  x-ray  fihn 
cassette,  using  Kodak  Direct  Exposure  film  backed  by  a  Quanta  Fast  Detail  screen,  was  stationed  about  100  mm  from 
the  debris  trajectory. 

For  two  experiments  (Te.st  1  and  Test  2).  the  x-ray  tulres  and  film  cassette  were  oriented  to  obtain  an  oblique  shadow 
graph  of  the  fragment  debris  (an  angle  significantly  less  than  the  90  degree  orientation  to  the  line  of  travel  used  in  the 
majority  of  the  experiments). 

An  aluminum  target  plate  152.4  mm  (6  in.)  on  a  side  and  either  6.35  mm  (1/4  in.)  or  12.7  mm  ( 1/2  in.)  in  thickness 
was  placed  on  axis  approximately  400  mm  down  stream  from  the  PMMA  primary  target  plate  to  intercept  the  flux  of 
steel  fragments.  This  witness  plate,  prepared  from  6061-T6  aluminum  plate  stock,  was  recovered  after  each 
experiment,  and  provided  a  post-test  passive  diagnostic  of  secondary  fragmentation  effects. 

The  primary  configuration  parameters  for  all  experiments  in  the  present  study  are  provided  in  the  first  two  columns  of 
Table  1,  where  h  is  the  PMMA  plate  thickness,  V  is  the  impact  velocity.  AV  is  the  difference  between  the  incident 
sphere  velocity  and  the  debris  cloud  velocity,  and  is  the  radial  expansion  velocity  of  the  debris  cloud  periphery. 
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Fig.  1.  Experimental  configuration  for  radiographic  and  witness  plate  diagnostic  of 
impact  fragmentation  experiment.  (Timing  is  repre.sentative  of  a  5  km/s  impact. ) 
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Table  1 :  Experimental  Impact  Parameters  and  Summary  of  Results 


Test 

# 

h 

(mm) 

V', 

(m/s) 

AV 

(m/s) 

V', 

(m/s) 

Test 

# 

h 

(mm) 

(m/s) 

AV 

(m/s) 

V'. 

(m/s) 

1 

3.28 

4460 

a 

a 

13 

5.37 

4430 

460 

290 

2 

3.28 

4460 

a 

a 

14 

5.36 

4060 

330 

183 

3 

1.74 

4450 

b 

200 

15 

5.38 

3310 

240 

50 

4 

1.74 

4700 

150 

147 

16 

5.37 

4080 

330 

164 

5 

3.38 

4570 

270 

271 

17 

3.25 

4520 

195 

223 

6 

3.28 

3460 

200 

52 

18 

4.71 

4430 

345 

219 

7 

3.44 

4160 

250 

171 

19 

5.39 

4610 

410 

660“* 

8 

1.49 

3950 

130 

105 

20 

4.75 

4040 

295 

158 

9 

1.51 

3460 

170 

44 

21 

4.78 

3750 

270 

82 

10 

0.63 

3410 

50 

0 

22 

0.99 

4700 

85 

72 

11 

0.64 

3920 

60 

0 

23 

11.23 

4060 

785"= 

580^* 

12 

0.69 

4470 

90 

0 

24 

9.47 

4030 

680'" 

540*^ 

®  Oblique  angle  radiograph  —  parameters  not  determined. 
**  Not  determined 
Velocity  of  debris  cloud  front 
Diffused 


FRAGMENT  DEBRIS  EXPERIMENTAL  RESULTS 

A  total  of  24  experiments  of  the  basic  impact  configuration  described  in  the  previous  section  were  performed  in  this 
investigation.  The  principal  experimental  variables  were  the  impact  velocity,  V-,  and  the  thickness,  /i,  of  the  primary 
target  plate  (PMMA),  which  defined  the  amplitude  and  duration  of  the  impulse  transmitted  to  the  steel  sphere,  and 
consequently,  the  intensity  of  fragmentation  of  the  steel  projectile. 

An  example  of  the  experimental  radiographic  results  is  shown  in  Fig.  2,  where  the  images  for  Test  5  are  displayed. 
These  images  qualitatively  illustrate  the  nature  of  the  fragmentation  process  observed  in  all  of  the  experiments  in  the 
present  study,  with  the  exception  of  several  tests  in  which  parameter  extremes  were  reached.  The  steel  fragments 
remain  weU  grouped  and  continue  to  move  along  the  original  trajectory  at  velocities  somewhat  less  than  the  initial 
impact  velocity,  having  been  slowed  by  the  impulse  delivered  to  the  sphere  by  the  plate.  Axial  dispersion  of  the 
fragment  debris  is  quite  limited,  with  fairly  well-defined,  nearly  planar  boundaries  forming.  Radial  dispersion  is 
significant,  but  still  the  fragments  are  contained  by  rather  well-defined  limits.  These  observations  hold  in  general 
except  for  the  very  largest  of  target  thicknesses.  Since  the  PMMA  is  not  recorded  in  the  radiograph,  we  are  assured 
that  only  the  mass  of  the  original  steel  sphere  is  represented  in  each  image. 

The  foremost  objective  of  the  experimental  study  was  to  assess,  through  radiographic  diagnostics,  the  kinematic  and 
structural  characteristics  of  the  steel  fragment  debris  produced  by  the  impact  of  the  PMMA  plate  with  the  steel  sphere. 
Several  experimental  parameters  have  been  extracted  from  the  data  and  are  included  in  Table  1.  First  is  the  axial 
velocity  decrease,  A  V,  of  the  fragment  debris  from  the  initial  impact  velocity,  Vj .  Residual  velocity,  ,  of  the  debris 
is  readily  calculated  from  A  V  =  V,  -  V^.  The  magnitude  of  AV  can  also  be  regarded  as  the  change  in  axial  velocity 
of  a  stationary  sphere  due  to  momentum  imparted  by  the  impacting  plate.  This  velocity  change  is  determined  from  the 
motion  of  the  geometric  center  of  mass  of  the  debris  cloud  observed  in  the  radiograph.  The  most  accurate  value  is 
calculated  by  using  the  separation  of  the  two  radiographic  images  and  the  times  at  which  the  images  were  made. 
Corrections  are  made  for  magnification  and  parallax  in  the  radiographic  measurement. 

As  noted  earlier,  axial  dispersion  of  the  fragment  debris  is  small.  The  axial  extent  for  all  of  the  tests  is  not  more  than 
several  sphere  diameters  at  the  later  radiograph  image.  The  induced  radial  expansion  velocity,  V^,  is  substantial, 
however,  and  varies  systematically  with  initial  impact  parameters.  A  radial  expansion  velocity  was  determined  for  the 
experiments  in  which  this  is  a  reasonably  well-defined  property.  It  represents  the  radial  velocity  of  the  outer  fringe  of 
the  fragment  cloud  from  the  center-line  and  is  determined  from  the  change  in  diameter  of  the  successive  radiographic 
images.  Although  an  errant  fragment  at  the  cloud  fringe  can  lead  to  a  degree  of  subjectivity,  the  expansion  velocity  is 
determined  with  an  accuracy  of  about  ±  20  m/s.  In  a  few  cases,  at  the  higher  impact  velocities,  data  scatter  was 
somewhat  larger.  In  three  experiments  (Test  19,  Test  23,  and  Test  24)  the  fragment  debris  pattern  included  a  sparse 
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First  x-ray  position  Second  x-ray  position 

Fig.  2.  Radiographic  images  from  Test  5  illustrating  the  general  fragmentation  character  observed 
in  the  majority  of  experiments  in  the  present  study.  (Time  interval  between  images:  33.2  (is.) 

spray  of  high  velocity  peripheral  fragments.  For  these  tests,  radial  expansion  velocities  in  Table  1  represent  the 
extreme  of  spray  fragments  observed  on  the  radiographs.  Quantitative  measurements  of  fragment  size  data  ha''e  not 
yet  been  determined  from  the  radiographs.  Preliminary  examination  of  the  images  shown  in  Fig.  2  for  Test  5  indicates 
about  2(K)  particles,  with  a  typical  fragment  size  of  about  1  mm  and  a  largest  fragment  size  of  about  2  nun. 

It  is  apparent  from  the  radiograph  in  Fig.  2  that  the  impulse  imparted  to  the  steel  sphere  by  the  PMMA  plate  partitions 
the  initial  kinetic  energy  of  the  steel  sphere  into  kinetic  energies  of  axial  translation  and  radial  expansion  of  the  steel 
fragments,  kinetic  energy  of  the  PMMA  debris,  and  energy  expended  in  the  various  dissipative  processes  active  during 
the  impact  process.  The  axial  velocity  change,  A  V,  recorded  for  the  experimental  series  in  Table  1 ,  provides  a  measure 
of  the  translational  momentum  lost  by  the  steel  sphere  upon  impact.  These  results  are  plotted  against  the  product  of 
the  PMMA  plate  thickness  and  the  steel  sphere  impact  velocity,  hV',,  in  Fig.  3.  This  latter  parameter  provides  a 
measure  of  the  impulse  delivered  to  the  sphere  by  the  PMMA  target.  Within  experimental  scatter,  the  AV  data  are 
found  to  be  a  single-valued  function  of  the  parameter  hV',  . 


The  trend  of  the  data  in  Fig.  3  can  be  reasonably  well  understood  in  terms  of  a  relatively  basic  hydrodynamic 
description  of  the  sphere  and  target  interaction  {e.g.  Backman  and  Goldsmith.  1978).  The  acceleration  of  the  steel 
sphere  of  mass  m ,  is  determined  from, 

dV  1  ,2 .  ,  ,  , 

m-=-pVA,  (1) 

where  pV^/2  is  the  Bernoulli  pressure  applied  by  the  PMMA  target  material,  of  density  p,  under  steady  flow 
conditions,  and  is  assumed  to  apply  over  the  projected  geometric  area.  A  ,  of  the  sphere.  The  velocity  V  is  the 
equilibrated  velocity  of  the  PMMA  and  the  steel  sphere.  The  relatively  low  target  impedance  of  PMMA  compared 
with  that  of  the  steel  projectile  permits  this  approximation.  Integration  of  eq.  (I)  leads  to  a  predicted  exponential 
change  in  projectile  velocity  with  plate  perforation  thickness.  For  target  plate  thicknesses  ( h )  on  the  order  of  the  sphere 
diameter,  a  first  order  solution  of  eq.  ( 1 )  provides  the  functional  relationship  of  the  decrease  in  velocity  with  the  impact 
velocity  and  target  thickness, 

pA 

AV=|-hV..  (2) 

Comparison  of  eq.  (2)  with  the  measured  velocity  decrease  data,  tabulated  in  Table  1.  is  shown  in  Fig.  3  and 
demonstrates  excellent  agreement. 


Interesting  features  are  also  observed  in  the  radial  expansion  characteristics  of  the  steel  fragment  debris  following 
target  impact.  Several  distinct  regions  of  behavior  were  noted  to  occur  within  the  parameter  range  of  the  present  study. 
First,  impulses  for  which  there  was  no  radial  expansion  of  the  steel  spheres  were  observed  in  three  experiments 
performed  on  target  plates  approximately  0.6  mm  in  thickness.  The  steel  sphere  remained  intact  at  impact  velocities 
of  3400  and  3900  m/s.  A  small  fragment  was  spalled  off  the  rear  surface  of  the  sphere  at  a  velocity  of  4500  m/s.  One 
of  several  possible  representations  of  debris  formation  data  is  provided  in  Fig.  4.  Points  identify  the  impact  velocity 
and  the  target  plate  thickness,  on  the  vertical  and  horizontal  axes,  respectively,  the  product  of  which  provides  an 
approximate  measure  of  the  impulse  imparted  to  the  steel  sphere.  Curves  of  constant  impulse  are  used  to  identify 
boundaries  between  three  regions  of  behavior  in  the  fragmentation  process:  Region  I  -  No  Fragmentation;  Region  II  - 
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Fig.  3.  Translational  velocity  reduction  datx 
Dependence  on  product  of  target  plate 
thickness  and  impact  velocity. 


Fig.  4.  Plot  of  impact  velocity  versus  target 
thickness.  Different  regions  of  fragment 
debris  characteristics  are  identified  and 
separated  by  iso-impulsive  curves.  The 
vertical  dashed  line  separates  distinct 
fragment  pattern  differences  in  Region  11 . 
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Fig.  5.  Radiograph  of  steel  debris  using  oblique  x-ray  diagnostics  (Test  2).  Note  the 
continuous  spatial  distribution  of  the  fragments. 


Cluster  Fragmentation;  and  Region  III  -  Diffuse  Fragmentation.  In  Region  I.  the  impulse  was  insufficient  to  cause 
fragmentation.  Region  II  identifies  the  tests  in  which  fragment  debris  was  clearly  clustered  in  the  sense  described 
previously.  Within  this  cluster  region,  two  fairly  distinct  patterns  were  observed  in  the  debris  cloud;  they  were  most 
likely  a  consequence  of  the  target  plate  thickness  relative  to  sphere  diameter.  For  plate  thicknesses  less  than  about  2 
mm,  distinct  spall  debris  from  the  back  of  the  sphere  leads  to  some  axial  divergence  and  a  shallow  conical  shape  to 
the  debris  pattern  (for  example  Test  4  and  Test  8).  For  plate  thicknesses  closer  to  the  sphere  diameter  (3  to  6  mm)  a 
distinct  plate  or  disc  shape  is  observed  for  the  debris  pattern. 

Also  appearing  in  Region  11  are  two  experiments  (Test  1  and  Test  2)  in  which  an  oblique  x-ray  orientation  was  used 
(47  ±  2  degrees  from  the  shot  line)  to  establish  how  fragments  were  distributed  through  the  diameter  of  the  debris  disc. 
The  radiograph  for  Test  2  is  shown  in  Fig.  5.  The  debris  is  moving  obliquely  away  from  the  point  of  observation.  The 
radiograph  establishes  that  fragment  debris  is  in  fact  distributed  fairly  uniformly  through  the  diameter,  and  a  distinct 
regular  structure  in  the  pattern  of  the  peripheral  fragments  is  observed. 

Finally,  a  clear  transition  in  debris  characteristics  was  observed  in  several  tests  in  which  parameter  extremes  were 
achieved  (Region  ID).  The  impact  velocity  in  Test  19  was  in  excess  of  4600  m/s  for  the  steel  sphere  on  a  5.4  mm  plate, 
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and  the  spheres  in  Test  23  and  Test  24  impacted  at  slightly  lower  velocities  on  plates  in  excess  of  9  nun  in  thickness. 
Rather  than  an  abrupt  transition  in  the  fragment  density,  as  observed  in  Region  II,  there  is  a  more  gradual  thinning  in 
the  density  toward  the  cloud  perimeter.  The  perimeter  fragments  in  Region  ID  have  significantly  higher  expansion 
velocities  (see  Table  1)  than  those  achieved  in  Region  II.  The  debris  pattern  was  umbrella  shaped  with  perimeter 
fragments  lagging  behind  the  central  cloud. 

For  the  tests  which  have  Region  II  behavior  for  their  fragment  debris  pattern,  expansion  velocity  data  from  Table  1 
are  plotted  as  a  function  of  impact  velocity,  as  shown  in  Fig.  6.  In  this  graph,  tests  of  nominally  the  same  plate 
thickness  are  identified  by  a  common  symbol.  Although  data  scatter  tends  to  obscure  detailed  trends,  some 
observations  can  be  made.  First,  at  similar  impact  velocities,  the  expansion  velocity  increases  with  plate  thickness  but 
becomes  less  sensitive  at  increased  plate  thickness.  This  trend  is  most  noticeable  at  the  higher  impact  velocities. 
Second,  there  is  a  critical  impact  velocity  below  which  fragmentation  and  subsequent  expansion  do  not  occur.  This 
velocity  limit  is  outside  of  the  range  of  the  data  for  the  0.6  nun  plate  and  is  probably  around  4000  m/s  for  a  1 .0  mm 
plate.  For  thicker  plates  { 1 .6  nun  and  above)  this  critical  velocity  (about  3000  m/s)  becomes  independent  of  plate 
thickness. 

Fig.  7,  an  alternative  representation  of  the  expansion  velocity  data  is  shown.  Expansion  velocity  is  plotted  against 

•tc  thicknesses  at  nominally  similar  impact  velocities.  Increased  expansion  velocity  with  increasing  impact  velocity 
i.s  seen.  Flattening  of  the  curves  for  plate  thicknesses  above  about  2  mm  is  clearly  observed. 


Fig.  6.  Radial  expansion  velocity  of  fragment 
debris.  Tests  with  nominally  similar 
target-plate  thicknesses  are  plotted  against 
the  impact  velocity. 


Fig.  7.  Radial  expansion  velocity  of  fragment 
debris.  Tests  at  nominally  similar  impact 
velocities  are  plotted  against  target  plate 
thickness. 


The  translational  impulse  imparted  to  the  fragment  debris  appears  to  be  a  consequence  of  the  momentum  exchanged 
dunng  hydrodynamic  penetration  of  the  target  plate.  This  conclusion  is  supported  by  the  nearly  linear  dependence  on 
plate  thickness,  in  agreement  with  the  analytic  expression  given  in  eq.  (2)  and  our  numerical  computations  to  he 
described  later.  In  contrast,  the  evidence  displayed  in  Figs.  6  and  7  would  suggest  that  radial  impulse  acquired  by  the 
impacting  sphere  is  a  consequence  of  the  early  shock  phase  of  the  interaction  and  is  little  affected  by  the  later 
hydrodynamic  penetration  phase. 


.SUMMARY  OF  FRAGMENTATION  THEORY  AN!)  CODE  IMPLEMENTATION 

A  capability  has  been  developed  to  produce  fragment  size  predictions  from  calculations  using  wave  propagation  codes 
that  solve  the  equations  expressing  conservation  of  mass,  momentum,  and  energy  for  a  continuum.  Although  plots 
produced  from  standard  wavecode  calculations  sometimes  appear  to  depict  a  collection  of  discrete  fragments,  the 
physical  mechanisms  that  control  these  processes,  such  as  surface  tension  or  real  physical  heterogeneities  and 
microstructurc.  are  not  currently  included  in  the  codes.  It  is  not  feasible  for  continuum  mechanics  wavecodes,  except 
perhaps  in  one  dimension  (Kipp  and  Grady,  1985),  to  account  for  the  complete,  explicit  fonnation  of  discTete 
fragments.  But  extensive  work  has  demonstrated  that  continuum  models  of  various  levels  of  sophistication  can 
successfully  address  the  damage  processes  of  void  and  crack  growth  leading  to  material  failure  (e.g.  Grady  and  Kipp, 
1989). 

Previous  work  (Grady,  et  al..  1990b)  has  produced  dynamic  fragmentation  theories  that  are  based  on  the  assumption 
that  strain  rate  and  temperature  at  the  time  of  failure  control  subsequent  fragmentation.  Considerable  progress  has  been 
made  in  extracting  this  information  from  Lagrangian  wavecodes  (Grady,  et  al..  1990b;  Johnson,  et  al..  1990),  which 
are  excellent  at  U'acking  the  history  associated  with  each  material  element  and  can  easily  save  the  required  information 
:ii  the  time  of  fracti  'c.  It  is  a  much  more  difficult  ta.sk  for  an  Eulerian  wavecode  to  maintain  accurate  values  of  this 
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inforinatiDii  because  of  the  ilegraclatioii  accumulated  by  the  repetitive  rezoning  used  in  the  convection  process. 
However,  the  exten.sive  defonnation  associated  with  these  itiipact  and  penetration  events  encourages  the  use  of  an 
Kulerian  wave  propagation  code. 

The  wavc-code  that  was  used  for  the  calculations  was  the  Eulerian  finite-difference  shock  wave  propagation  code  CTH 
(McGlaun,  et  at..  1990).  This  code  has  a  general  intenial  stale  variable  capability  which  allows  information  to  be  saved 
in  variables  that  are  advecled  with  the  material  as  it  crosses  the  cell  boundaries.  Significant  modifications  were  made 
to  the  fracture  algorithm  in  the  code  to  locate  each  time  and  location  at  which  the  tensile  sness  criterion  for  a  single 
material,  rather  than  a  mixed-material  cell,  was  exceeded  and  material  fracture  was  judged  to  occur.  All  diagonal 
components  of  the  strain-rate  ten.sor,  f,  =  including  the  hoop  component  in  cylindrical  coordinates, 

f  ^  =  v^//? ,  where  and  .V;  are  velocity  and  position  components  and  R  refers  to  radius,  were  then  calculated  and 
the  maximum  value  was  stored  as  an  internal  state  variable.  While  the  intenial  state  variables  provide  storage  locations 
for  the  strain  rate  and  temperature  infonnation  (hat  must  be  saved  from  the  calculation,  there  is  a  problem  with 
diffusion  of  these  quantities  as  material  motion  occurs.  For  instance,  even  though  a  calculation  may  be  performed  in 
which  only  a  single  fracture  of  a  material  cell  takes  place  during  the  entire  calculation,  subsequent  material  motion 
may  result  in  spurious  values  of  strain  rate  appearing  in  all  cells  through  which  the  material  has  passed.  Fortunately, 
these  values  typically  have  a  very  small  magnitude  except  in  the  region  of  the  mesh  containing  the  bulk  of  the  fractured 
material.  However,  diffusion  does  result  in  some  spreading  and  loss  of  localization  of  the  fractured  material,  so 
extreme  care  was  taken  to  assess  .such  effects  and  ensure  that  reasonable  fr^ment  size  distributions  were  obtained. 
Since  most  fractures  occurred  at  high  strain  rates  on  the  order  of  10^  to  10°  per  second,  it  was  possible  to  discard 
significantly  lower  strain  rates  as  having  been  produced  by  diffusion.  Mass  fraction  weighting  was  used  to  maintain 
the  proper  convected  amplitudes  of  the  strain  rates  and  temperatures. 

Files  containing  strain  rate  and  temperature  at  the  time  of  fracture  are  saved  periodically  during  the  simulation  of  the 
impact,  and  these  are  examined  to  determine  the  extent  of  the  fractured  regions  as  time  progressed.  When  the  fracture 
process  is  complete,  the  data  are  post-processed  outside  the  wavecode  to  produce  fragment  size  distributions.  Dynamic 
fragmentation  theories  predict  an  average  local  fragment  size  at  a  given  su-ain  rate  and  temperature,  and  the  number 
of  fragments  with  this  average  size  is  detennined  by  the  local  mass  of  the  material  that  fractures.  The  dynamic 
fragmentation  theories  that  were  used  to  process  the  strain  rate  and  temperature  infonnation  have  been  de.scribed  in 
detail  elsewhere  (Grady,  1988;  Grady,  et  ai.  1990a;  Grady,  et  nl..  1990b),  and  they  will  only  be  summarized  here. 
Various  types  of  fragmentation  mechanisms  have  been  identified,  depending  on  the  strain  rate  and  temperature  at 
fracture.  The  data  can  also  be  used  to  determine  the  mass  distribution  of  fractured  material  in  the  solid,  liquid,  and 
vapor  phases. 

For  the  present  purposes,  the  average  fragment  diameter  S  will  he  determined  in  three  different  fragmentation  regimes. 
These  are: 

(1 )  solid  spall  dominated  by  fracture  toughness,  for  which 

■ 

(2)  solid  spall  dominated  by  the  flow  stress,  for  which 

■ 

and  (3)  liquid  spall  above  the  melt  temperature,  for  which 

In  these  equations,  p  is  the  density,  e  is  the  strain  rate,  c  is  the  sound  speed,  and  y  is  the  constant  value  of  the  surface 
tension.  The  temperature  and  strain-rate  dependent  yield  strength.  K.  is  given  by 


and  the  temperature  dependent  fracture  toughness,  K^. .  is  given  by 


f(r  = 


where  K,,  is  the  reference  yield  strength,  is  the  reference  fracture  toughness,  T  is  the  temperature.  is  the  melt 
temperature,  is  a  reference  value  of  the  strain  rate  (one  per  second),  and  n.  m.  and  n'  are  constants.  In  the  solid 
regime,  the  transition  from  fracture  toughness  to  flow  stress  dominated  spall  occurs  at  a  strain  rate  given  by 
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Appropriate  material  properties  were  obtained  for  the  steel  sphere  for  the  fragmentation  regimes  of  brittle,  ductile,  and 
Uquid  spall,  as  shown  in  Table  2.  Application  of  the  above  formulas  allows  each  point  in  the  strain  rate  -  temperature 
plane  to  be  mapped  into  a  fragment  size  for  a  given  material. 


Table  2:  Fragmentation  Material  Properties  Table  3;  Material  Parameters  Used  For  Calculations 


Hard 

Steel 

PMMA 

Hard 

Steel 

Surface  Tension  y  (N/ra) 

1.5 

Density  (kg/m') 

1186 

7850 

Yield  Strength  Kf,  (GPa) 

2.0 

Bulk  sound  speed  (m/s) 

2598 

4570 

Fracture  Touehness 
(MPam'^^) 

40 

Linear  hock  velocity- 
particle  velocity  slope 

1.516 

1.4Q 

Melt  Temperature  T^{K} 

1800 

Gruneisen  coefficient 

0.97 

2.17 

n 

1 

Yield  strength  (GPa) 

0.2 

2.0 

m 

0.1 

Poisson  ratio 

0.32 

0.29 

n' 

-1 

Fracture  stress  (GPa) 

0.15 

4.0 

The  fragmentation  theories  described  above  are  derived  assuming  spall  induced  by  uniform  volumetric  dilatation,  so 
they  are  most  applicable  to  the  prompt  fragmentation  of  the  steel  sphere  induced  by  the  impact.  The  fracture  process 
is  complete  within  a  few  microseconds  following  impact.  The  strain  rate  and  temperature  files  generated  by  each  of 
the  calculations  that  were  produced  immediately  after  this  time  were  used  for  the  fragment  size  predictions. 


To  obtain  the  fragment  size  distribution  from  the  analysis,  files  are  generated  by  the  wavecode  calculations  that  contain 
the  strain  rate  and  temperature  at  the  time  of  fracture  r  each  cell  containing  fractured  material.  There  is  thus  a  mass 
a.ssociated  with  each  strain  rate  -  temperature  pair,  w.iich  is  just  the  total  mass,  m,  of  the  material  in  the  cell.  The 
simplest  assumption  to  make  when  determining  fragment  size  distributions  is  that  all  of  the  mass  in  the  cell  produces 
equal  particles  of  size  -S’,  given  by  the  appropriate  one  of  eqs.  (3)  to  (5).  Thus,  letting  i  be  the  cell  index,  where 
i  =  N  and  N  is  the  total  number  of  cells  containing  ictured  material,  the  cell  data  consist  of  N  pairs  m^,  S-  where 
nij  is  the  mass  of  material  in  cell  i  and  S.  is  the  size  oi  all  the  particles  in  the  cell.  If  the  data  are  arranged  in  order  of 
increasing  fragment  size,  .so  that  5^  <  5^  ^  l ,  then  the  cumulative  mass  of  fragments  less  than  or  equal  to  size  5.  is 

i 

M(5.)  =  I  ntj  (9  ) 

j=  I 

However,  as  previously  described  (Grady  and  Kipp.  1985).  statistical  considerations  indicate  that  a  distribution  of 
fragment  sizes  should  be  obtained  for  each  cell.  The  mean  value  of  each  distribution  is  assumed  to  be  .  The  form  of 
the  distribution  is  obtained  by  assuming  that  fragments  in  the  mass  are  Poisson-distributed.  This  leads  to  a 
probability  distribution  of  finding  a  fragment  of  mass  ji  in  the  cell  within  a  tolerance  given  by 

1 

(/P(H)  =  — e  </p,  (  10  ) 

where  (4^  is  the  average,  or  mean,  value  of  the  fragment  mass  in  the  cell.  Integrating  from  0  to  p.  and  multiplying  by 
the  total  mass  »r  of  the  cell  gives  the  cumulative  ma.ss  of  fragmena;  of  mass  less  than  or  equal  to  p  in  the  cell 


W(p)  =  rn  [l  -  P  ^  .  (  11  ) 

Now,  a.ssuming  that  the  mass  of  the  fragment  is  related  to  the  cube  of  the  fragment  size  (such  as  for  cubic  or  spherical 
particles)  and  noting  that  the  average  mass  p^  corresponds  to  a  fragment  having  the  average  size  5-, 


Therefore,  the  cumulative  mass  of  fragments  in  cell  i  having  a  size  less  than  or  equal  to  5  is 


MiS) 


(  12  ) 


(  13  ) 


Finally,  the  total  cumulative  mass  of  all  fragments  in  all  cells  having  a  size  less  than  or  equal  to  S  is 


Mj.{S)  =  X  m,Ll-P  ■  J.  (14) 

I  =  I 

It  was  found  that  if  the  original  distribution  is  sharply  peaked,  a  large  spread  is  generated  by  the  statistical  relations. 
However,  if  the  original  distribution  already  contains  a  large  range  of  fragment  sizes,  the  additional  statistical  spread 
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is  minimal.  The  statistical  distrihutions  do  show  the  addition  of  a  tail  at  small,  possibly  aerosol-sized,  fragments,  but 
the  total  additional  mass  in  the  aerosol  source  term  so  generated  is  negligible.  In  application,  the  cell  data  is  grouped 
into  “bins"  of  a  chosen  fragment  size  increment. 

NUMERICAL  SIMULATIONS  OF  STEEL  SPHERE  IMPACT  ON  PMMA  TARGETS 

Impact  simulations  of  a  steel  sphere  onto  a  PMMA  target  plate  were  made  with  a  physical  space  that  was  partitioned 
into  uniform  square  cells,  with  a  resolution  of  0.05  mm  (about  60  cells  in  the  radius  of  the  sphere).  The  two- 
dimensional,  axisymmetric  geometry  encompassed  a  20  mm  radius  and  a  20  mm  axial  length,  requiring  160,0CX3 
computational  cells.  This  radius  is  sufficiently  large  that  edge  effects  of  the  target  do  not  influence  the  fragmentation 
behavior  of  the  steel  sphere.  The  steel  and  PMMA  were  both  represented  as  low  temperature  Mie-Gruneisen  solids,  in 
which  the  Hugoniot  was  described  with  a  linear  shock  velocity  -  particle  velocity  relationship.  The  properties  used  in 
the  calculations  are  listed  in  Table  3.  The  fragmentation  parameters  for  the  steel  are  listed  in  Table  2.  The  mass  of  the 
sphere  used  in  the  calculations  was  1 .052  gm,  slightly  larger  than  the  experimental  mass  of  1 .027  gm. 

As  an  example,  consider  the  case  of  Test  5,  in  which  a  steel  sphere  impacts  a  3.38  mm  PMMA  target  plate  at  a  velocity 
of  4570  m/s  (^Table  1 ).  The  computed  sequence  of  penetration  that  occurs  is  plotted  in  Fig.  8.  Note  that  the  sphere 
deforms  as  it  progresses  through  the  plate,  with  the  leading  surface  undergoing  significant  flattening.  The  impact 
pressure  is  about  30  GPa,  well  above  the  2  GPa  yield  strength  of  the  steel.  Just  after  1  (is,  void  is  beginning  to  be 
inserted  into  the  sphere  as  spall  fracture  commences.  It  is  apparent  from  these  plots  that  the  PMMA  material  in  front 
of  the  sphere  has  been  accelerated  to  a  higher  velocity  than  the  exit  velocity  of  the  sphere,  as  is  easily  confirmed  from 
a  one-dimensional  pressure  -  particle  velocity  diagram  of  the  impact.  Flash  laser  photographs  of  similar  events  also 
clearly  show  the  dispersed  PMMA  debris  leading  the  clustered  steel  debris  (Ang,  1992).  We  note  in  passing  that  the 
appearance  of  the  calculated  PMMA  target  plate  residual  hole  is  that  of  a  rather  ductile  material;  the  experiments 
indicate  a  far  more  distinctive  residual  hole  surrounded  by  large  fractured  rings  that  have  been  removed,  suggesting 
that  there  are  equation  of  state  and  plastic  fracture  issues  to  be  pursued. 

Time=0ns  0.5  (is  1.0  fis  1.5  (is  2.0|lis 


Fig.  8.  Calculated  .sequence  of  a  6.35  mm  steel  sphere,  with  normal  incidence  velocity 
of  4570  m/s.  perforating  a  3.38  mm  PMMA  target  plate  (Test  5). 


Tracer  particles,  embedded  in  the  sphere  to  provide  point  histories  of  computed  variables,  indicate  that  fracture  is 
completed  between  1.5  and  2  (is.  After  this  time,  the  PMMA  imparts  very  little  impulse  to  the  steel  sphere.  This 
response  is  illustrated  in  Fig.  9,  where  the  minimum  principal  stresses  through  the  axial  diameter  of  the  sphere  are 
plotted.  (The  frrst  pulse  is  recorded  at  the  impact  surface,  and  the  final  pulse  at  the  trailing  surface.)  The  tensile  stress 
is  observed  to  reach  a  limit  of  about  4  GPa.  (hen  unload  as  void  is  added  to  the  local  cells  to  relieve  the  state  of  tension. 

As  the  shock  pulse  transits  the  axis  of  the  sphere,  the  amplitude  decays  from  an  initial  peak  of  about  30  GPa  to  less 
than  10  GPa.  The  immediate  consequence  of  this  decay  in  impulse  is  a  larger  decrease  in  particle  velocity  at  the  leading 
edge  of  the  sphere  than  at  the  trailing  edge,  so  that  the  trailing  material  in  the  sphere  has  a  relative  velocity  towards 
the  leading  edge  of  the  sphere.  This  relative  velocity  of  the  leading  and  trailing  surfaces  of  the  sphere  explains  the 
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tendency  of  the  particles  to  stay  clustered  in  a  thin  disk,  as  seen  in  the  radiographs  (t/Figs.  2  and  5).  As  a  consequence 
of  the  impulse  delivery  being  completed  by  about  2  fis,  the  formation  of  fragments  has  also  been  completed  by  then, 
and  the  fragmentation  post-analysis  calculations  can  be  made.  The  debris  is  basically  in  free  flight  by  this  time, 
expanding  as  seen  in  the  radiographs  (in  Fig.  2)  at  much  later  times  (e.g.,  30  and  60  ps). 


Fig.  9.  Histories  of  minimum  principal  stress  at 
points  along  the  axis  of  the  steel  sphere. 


ao  as  1.0  1.5  ao 

Fragment  Size  (mm) 


Fig.  10.  Mass  distribution  of  steel  fragments  vj. 

fragment  size  resulting  from  the  impact 
of  a  6.35  mm  steel  sphere  with  a  3.38  mm 
PMM  A  target  plate  (Test  5). 


When  the  steel  fragmentation  characteristics  were  computed  for  this  example,  it  was  found  that  less  than  25%  of  the 
mass  of  the  steel  sphere  had  fragmented.  That  is,  the  fracture  stress  of  4.0  GPa  was  exceeded  in  only  a  quarter  of  the 
volume  of  the  sphere.  Examination  of  the  tensile  strain  rates  that  occur  throughout  the  sphere  indicate  a  range  from 
about  6x10*  per  second  to  over  10*  per  second.  Under  these  conditions,  the  expected  spall  stress  would  range  from  2.2 
GPa  to  5.6  GPa.  based  on  derived  expressions  by  CJrady  (1988)  for  brittle  fracmre.  Recalculating  this  example  with  a 
fracture  stress  of  2.0  GPa  results  in  about  80%  of  the  sphere  fracturing;  with  a  fracture  stress  of  1 .0  GPa,  100%  of  the 
sphere  fractures.  It  is  clear  that  fracture  conditions  based  on  exceeding  a  tensile  stress  limit  are  not  adequate  to 
accurately  represent  the  fracture  behavior  of  this  steel.  As  a  working  basis  for  this  example,  the  fragmentation  process 
was  permitted  to  proceed  using  the  1.0  GPa  fracture  stress  limit.  The  resulting  computed  steel  fragment  size 
distribution  is  shown  in  Fig.  10,  labelled  “w/o  statistics”.  TTiis  distribution  sums  the  masses  of  fragments  in  each 
material  cell,  where  the  average  fragment  size  is  calculated  from  the  local  strain  rate,  as  defmed  in  eqs.  (3)  to  (9).  The 
figure  plots  the  total  steel  fragment  mass  determined  for  each  fragment  size  “bin”,  summed  throughout  the  sphere. 
Each  bin  includes  a  fragment  size  increment  of  0.02  mm.  The  largest  mass  of  fragments  have  an  average  fragment  size 
of  about  0.6  mm.  The  temperature  in  the  steel  has  increased  only  about  100  K,  so  that  the  majority  of  the  material  falls 
in  the  brittle,  or  fracture  toughness  dominated,  region  of  fragmentation.  The  average  fragment  size  is  quahtatively 
consistent  with  what  can  be  seen  in  the  radiographs.  It  has  also  been  observed  that  the  strain  rates,  and  consequently 
the  average  calculated  fragment  sizes,  depend  on  the  equation  of  state  being  used  for  the  materials. 

As  discussed  in  the  previous  section,  the  fragment  size  calculated  for  a  given  strain  rate  represents  the  average 
fragment  in  an  exponential  (Poisson)  distribution  of  sizes.  The  masses  associated  with  each  of  the  fragment  sizes 
shown  in  Fig.  10  (curve  labelled  “w/o  statisUcs”)  can  be  modified  to  account  for  this  statistical  spread  by  employing 
the  concepts  expressed  in  eqs.  (10)  to  (14).  When  these  equations  are  applied  to  the  current  example,  the  mass 
associated  with  each  particle  size  results  in  the  distribution  labelled  “with  statistics”  in  Fig.  10.  The  Poisson  statistics 
(in  which  the  same  size  "bins”  were  used)  tend  to  broaden  the  distribution  up  to  about  1 . 1  mm  fragment  sizes,  and  do 
not  significantly  affect  the  upper  and  lower  extremes  of  sizes.  The  integral  of  the  mass  with  size,  as  described  by  eq. 
(14),  results  in  the  cumulative  mass  as  a  function  of  fragment  size.  Fig.  11  contains  both  the  original  calculated 
cumulative  mass  distribution  and  the  associated  statistical  cumulative  mass  distribution  as  a  function  of  fragment  size. 
The  total  mass  of  steel  accounted  for  up  through  particle  sizes  of  2  mm  is  1 .01  gra,  or  about  96%  of  the  1 .05  gm  mass 
of  the  sphere  used  in  the  calculations.  The  corresponding  distributions  that  show  the  number  of  fragments  at  each 
fragment  size  are  plotted  in  Fig.  12.  Now  the  broadening  effect  of  the  Poisson  statistics  is  apparent  for  the  small  size 
particles.  The  largest  number  of  particles  are  of  sizx:  0.2  mm;  the  largest  mass  of  particles  are  of  size  0.6  mm. 

To  examine  trends  of  the  behavior  resulting  from  target  thickness  variations,  a  suite  of  eight  impact  calculations  was 
made  in  which  the  rnipact  velocity  was  fixed  at  4500  m/s.  Variations  in  PMM  A  target  thickness  from  0.76  mm  (1/32 
inch)  to  6,35  mm  (1/4  inch)  covered  most  of  the  range  of  the  experiments,  providing  a  large  spread  in  the  amplitude 
of  the  unpulse  imparted  to  the  steel  sphere.  From  these  calculations,  comparisons  can  be  made  with  experimental  data 
for  the  loss  in  axial  momentum,  and  the  expansion  velocity  of  the  particles  debris  cloud. 


( 


( 

i 


Studies  of  high  velocity  impact  fragmentation 


437 
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Fig.  11.  Cumulative  mass  distribution  of  steel 
fragments  I'J.  fragment  size  resulting  from 
the  impact  of  a  6.35  mm  steel  sphere  with 
a  3.38  mm  PMMA  target  plate  (Test  5). 


Fragment  Size  (mm) 


Fig.  12.  Final  number  distribution  of  steel 
fragments  vs.  fragment  size  resulting  from 
the  impact  of  a  6.35  mm  steel  sphere  with 
a  3.38  mm  PMMA  target  plate  (Test  5). 


The  loss  in  axial  velocity  as  a  function  of  target  plate  thickness  is  plotted  in  Fig.  13,  and  the  numerical  data  clearly 
compares  well  with  the  experimental  data.  This  figure  can  be  compared  with  Fig.  3,  noting  that  the  numerical 
simulations  are  representing  the  experimental  data  in  much  the  same  way  as  the  analytic  expression.  The  calculated 
curve  in  Fig.  13  is  not  quite  linear,  and  tends  to  have  an  upward  curvature  as  the  PMMA  target  thickness  increases 
beyond  3  mm.  The  expansion  velocity  of  the  outer  debris  edge  is  plotted  in  Fig.  14  as  a  function  of  PMMA  target  plate 
thickness.  The  computed  points  were  determined  by  evaluating  the  maximum  radial  momentum  acquired  by  the  steel 
during  penetration.  The  computed  values  generally  fall  within  the  range  of  the  experimental  data.  This  figure  can  be 
compared  to  Fig.  7,  in  which  three  curves  of  constant  impact  velocity  are  included.  In  the  present  figure,  only  an  impact 


Target  Thickness  (mm) 

Fig.  13.  Decrease  in  axial  velocity  of  the  steel 
sphere  as  a  function  of  PMMA  target 
plate  thickne.ss.  Data  is  from  Table  1 . 
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Fig.  14.  Variation  of  maximum  steel  particle 
debris  cloud  expansion  velocity  with 
PMMA  target  plate  thickness.  Data  is 
from  Table  1 . 


velocity  of  4500  m/s  has  been  tabulated.  In  principle,  the  source  of  the  particles  in  the  debris  cloud  can  be  determined 
from  velocity  histories  at  points  distributed  throughout  the  sphere.  Along  the  initial  surface  of  the  sphere,  the 
amplitude  of  the  maximum  lateral  velocity  varies  from  zero  at  the  leading  impact  point  to  a  maximum  near  the  equator, 
returning  to  zero  at  the  trailing  point  on  the  axis.  Analysis  of  the  velocity  histories  on  a  cross-section  at  the  equator  of 
the  sphere  indicates  a  linear  increase  in  velocity  from  zero  on  the  axis  to  maximum  on  the  surface,  resulting  in  the 
distribution  of  fragments  throughout  the  disk  seen  in  tlie  radiographs.  This  continuous  spatial  distribution  of  particles 
is  in  contrast  to  the  commonly  observed  hollow  debris  cloud  that  forms  when  a  target  imparts  a  larger  energy  to  the 
projectile  (e.g.  Grady  and  Passman,  1990;  Piekutow.ski,  1992).  We  note  that  as  the  thickness  increases,  the  calculated 
expansion  velocity  begins  to  increase  again,  an  effect  that  requires  some  additional  analysis 
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CONCLUSIONS 

The  experiments  reported  here  provide  a  clear  definition  of  the  steel  debris  cloud  formed  by  the  impact  of  a  steel  sphere 
with  FMMA  targets.  The  spectrum  of  impact  velocities  and  target  thicknesses  provide  sufficient  basis  to  establish 
trends  in  debris  cloud  formation.  Some  aspects  of  the  fragmenting  steel  sphere  data  are  represented  quite  well  by  the 
calculations,  particularly  the  axial  velocity  decrease  and  the  radially  divergent  velocity  imparted  to  the  sphere.  The 
ability  to  calculate  detailed  fragment  size  distributions  is  the  first  step  in  defining  quantitative  properties  of  debris 
clouds  for  subsequent  interactions.  The  quantitative  comparisons  of  debris  characterization  will  require  some 
additional  refinement  of  the  data  from  the  radiographs.  The  simulations  have  also  demonstrated  that  there  is  additional 
work  required  on  the  fracture  model  used  here  to  more  precisely  determine  the  time  of  fracture  and  the  condition  of 
the  steel  at  breakup. 
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ABSTRACT 

High-power  but  low-total-energy  pulsed  lasers  can  be  used  to  accelerate  small-diameter,  thin  flyers  to 
velocities  in  excess  of  several  kilometers  per  second.  The  geometry  under  consideration  involves  placing 
the  flyer  on  the  end  of  an  optical  fiber  through  which  the  laser  pulse  is  delivered.  The  blowoff  products 
driving  the  flyer  are  thus  fully  tamped.  A  model,  based  on  the  Gurney  theory  for  explosively  driven 
plates,  is  derived  for  predicting  the  final  velocity  of  these  flyers.  All  hut  two  of  the  required  input 
parameters  are  readily  available;  those  two  can  be  extracted  from  one  limited  set  of  experimental 
measurements.  Data  on  aluminum  flyers  illustrate  that  once  the  input  parameters  have  been 
determined,  the  model  predicts  changes  resulting  from  variations  of  laser  fluence  and  pulse  duration  as 
well  as  flyer  thickness  and  diameter.  Additional  data  on  copper  and  magnesium  indicate  that  the 
energy-coupling  efficiency  can  vary  by  at  least  50', ,  depending  on  the  flyer  material. 


INTRODUCTION 

Many  different  approaches  for  accelerating  projectiles  to  hypervelocities  have  been  considered.  Some 
of  them  have  been  only  conceptual  in  nature,  whereas  others  have  proven  eminently  successful  in 
practice.  Examples  include  conventional  powder  and  gas  guns  as  well  as  electrically  driven  rail  and  coil 
guns.  Among  the  more  innovative  techniques  is  the  use  of  lasers,  either  pulsed  or  ct)ntinuous,  to  provide 
the  requisite  driving  energy.  On  a  large  scale,  lasers  have  even  been  considered  as  ground-based  power 
sources  for  launching  various  types  of  satellites  into  low  earth  orbits  (Lawrence  et  at..  1992).  On  a  more 
modest  scale,  the  present  investigation  uses  small  pulsed  lasers  to  drive  thin  flyers  to  velocities  of 
several  kilometers  per  second  or  more  (Trott  and  Meeks.  1990).  Here  we  describe  in  detail  a  model  that 
can  be  used  to  predict  and  analyze  many  aspects  of  the  latter  arrangement. 

The  basic  geometry  under  consideration  involves  thin  flyers,  from  a  few  to  several  tens  of  microns  thick, 
placed  on  the  ends  of  fused  silica  optical  fibers  that  are  typically  several  hundred  microns  in  diameter. 
A  short,  high-intensity  laser  pulse  is  transmitted  down  the  fiber  and  deposited  on  the  inner  surface  of 
the  flyer,  vaporizing  a  thin  layer  and  driving  the  remaining  portion  to  high  velocities.  It  is  interesting 
to  note  that  the  power  los.ses  in  propagating  through  these  optical  fibers  can  be  measured  in  terms  of 
decibels  per  kilometer;  hence,  the  laser  can  be  located  at  a  considerable  distance  from  the  end  with  the 
flyer.  Because  of  the  modest  scale  of  the  sy.stem,  the  total  laser  energies  are  no  more  than  several  tens 
of  millijoules.  In  contrast,  a  typical  rifle  bullet  will  have  a  kinetic  energy  of  several  kilojoules  or  more. 
The  system  is  thus  small  enough  that  elaborate  and  extensive  facilities  are  not  required  for  laboratory 
installations  and  applications. 

It  has  been  shown  previously  that  simple  models  can  be  effective  and  accurate  for  predicting 
integral-like  quantities,  such  as  flyer  momentum  or  velocity,  that  result  from  laser  interactions 
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(Lawrence,  1988).  In  most  previous  work  of  this  type,  the  blow'off  products  have  been  free  to  expand 
into  a  vacuum.  Here  we  assume  that  the  optical  fiber,  which  carries  the  la.ser  pulse  to  the  flyer,  is 
transparent  to  the  laser  energy  but  mechanically  rigid  with  respect  to  the  blowoff.  Hence,  the 
vaporization  process  is  fully  constrained  or  tamped.  To  model  this  latter  situation,  we  use  con.servation 
of  energy  in  the  framework  of  the  w'ell-known  (lurney  theory  (Hurney.  1948)  to  predict  the  final  flyer 
velocity.  In  this  context,  the  vaporized  portion  of  the  flyer  is  treated  as  analogous  to  the  high  explosive 
in  the  (lurney  theory.  Not  only  does  the  model  predict  the  flyer  velocity,  hut  it  is  also  easy  to  extract 
the  effective  thickness  of  the  layer  vaporized  by  the  laser  pulse,  the  energy-coupling  efficiency,  and  the 
momentum-coupling  coefficient.  By  noting  the  general  behavior  of  the  latter  two  quantities,  a  limited 
set  of  experimental  results  can  be  used  to  define  the  only  two  model  parameters  not  easily  determined 
or  readily  available  from  standard  compilations. 

From  early  experiments  we  determined  all  of  the  required  parameters  for  aluminum  flyers  operating 
with  a  laser  at  a  wavelength  of  1.06  gm.  In  subsequent  tests  it  was  established  that  the  model  accurately 
reproduces  the  results  arising  from  changes  in  laser  fluence,  laser  pulse  duration,  flyer  diameter,  and 
flyer  thickness.  .Specific  features  that  the  model  accurately  predicts  include  the  energy  threshold  for 
flyer  motion,  and,  well  above  this  threshold,  the  square-root  dependence  of  the  flyer  velocity  on  the 
fluence.  It  also  shows,  and  is  well  verified  by  experiment,  that  the  momentum-coupling  coefficient 
peaks  at  a  fluence  several  times  that  of  the  threshold.  This  suggests  that  this  intermediate  fluence 
Would  be  the  most  efficient  for  maximizing  the  flyer  velocity.  F'xperiments  on  other  flyer  materials, 
magnesium  and  copper  in  particular,  have  also  been  performed.  They  indicate  that  both  the  energy 
threshold  and  the  energy-coupling  efficiency  can  be  varied  substantially  by  changing  the  flyer  material. 
In  a  broader  sense  then,  the  model  provides  insight  into  the  physical  phenomena  so  that  materials  and 
parameters  can  be  chosen  for  overall  optimum  performance. 

In  the  succeeding  sections  we  describe  the  model  and  its  various  features.  We  then  derive  a  number  of 
scaling  relations  that  follow  and  that  can  he  used  to  describe  the  general  behavior  of  this  type  of 
laser-driven  flyer  .system.  The  model  is  then  applied  by  comparing  its  predictions  with  experimental 
meastirements  spanning  a  large  range  of  conditions  and  three  different  flyer  materials. 


MODEL  DESCRIPTION 

The  general  configuration  we  are  employing  is  illustrated  schematically  in  I'ig.  1.  To  generate  a  model 
that  is  easy  to  use  and  that  will  describe  all  major  features  of  (he  dynamic  response  of  this  .system,  we 
must  make  a  number  of  simplifying  a.ssumption.s.  The  most  basic  is  that  the  energy  deposition  in  the 
flyer,  the  vaporization  and  blowoff  phenomena,  and  the  forces  driving  the  flyer  are  all  one  dimensional. 
This  is  comparable  to  saying  that  the  flyer  is  thin  compared  to  its  lateral  dimensions,  and  that  the  laser 
fluence  is  uniform  across  (he  fiber  diameter.  'Fhese  are  probably  rea.sonable  approximations  for  tbe 
experiments  we  have  conducted.  We  next  assume  that  the  optical  fiber  is  transparent  to  the  incident 
laser  radiation,  but  mechanically  rigid  with  respect  to  the  blowoff  products  from  the  flyer — that  is,  the 
explosive  vaporization  of  the  inner  surface  of  the  flyer  is  fully  tamped.  Although  other  approaches  are 
possible,  the  deposition  of  the  laser  energy  in  the  flyer  is  approximated  with  a  standard  exponential 
profile  controlled  by  an  effective  absorption  coefficient.  This  coefficient  is  a  function  of  the  true  laser 
absorption  coefficient  and.  through  the  thermal  diffusivity,  the  laser  pulse  duration.  In  applying  the 
basic  conservation  laws,  we  implicitly  allow  (he  deposited  energy  to  equilibrate  over  the  blowoff  depth 
during  the  pulse  width.  Finally,  while  the  blowoff  products  are  accelerating  the  flyer,  we  represent  their 
spatial  velocity  distribution  as  a  linear  function,  extending  from  zero  at  the  rigid  fiber  end  to  the  actual 
flyer  velocity  at  the  blow<iff-solid  interface.  It  is  this  last  approximation  that  is  a  key  part  of  the  (iurney 
theory. 

'I'o  a|)ply  the  (iurney  theory,  we  note  that  because  of  the  rigid  liber  end.  the  present  configuration  is 
one-half  of  a  "symmetric  sandwich"  as  described  by  Kennedy  (1970).  In  this  planar  geometry,  the 
vaporized  portion  of  the  flyer  replaces  the  high  explosive  of  the  original  theory  and  the  fiber  end  serves 
as  the  plane  of  symmetry.  For  an  asymmetric  situation,  conservation  of  momentum  would  have  to  be 
invoked,  but  here  energy  conservation  alone  suffices.  Equating  the  “potential"  energy  deposited  in  the 
flyer  by  the  laser  with  the  kinetic  energy  of  both  the  blowoff  products  and  the  remaining  solid  portion 
r)f  the  [)late.  we  have 


/)  .V,/  E  {/i/'I)  (.v„  -  .Vrf)  >"  (r)/‘2)  J  '  (v,,  .v/.Vrf)-’  dx  .  (1) 

The  left-hand  side  represents  the  energy  available  in  the  blowoff  for  accelerating  the  flyer,  where  is 
the  liver  density,  .v,,  is  the  thickness  of  the  layer  that  is  vaporized  by  the  laser  pulse,  and  E  is  the 
so-called  (iurney  energy.  'I’he  first  term  on  the  right  is  the  kinetic  energy  of  the  flyer,  which  has  an 
original  thickness  x,,  and  a  final  uniform  velocity  r,.  The  remaining  term  on  the  right  is  the  kinetic 


IHiUcd  laser  driven  livers 


441 


energy  of  the  blowof'f  material,  where  we  have  assumed  a  linear  Lagrangian  velocity  profile  of  the  form 

i(.r)  =  (v„/jt<i)x  ,  0  X  .  (2) 

as  suggested  above.  Because  of  the  one-dimensional  planar  geometry,  each  term  in  Eq  (1)  has  units  of 
energy  p“'  unit  area.  This  expression  can  he  solved  easily  for  the  flyer  velocity  obtaining 


There  are  no  difficulties  with  this  equation  unless  x,,  >  3jic„/2,  an  impossible  situation  since  generally 
-v,,  «  X,,,  and  always,  for  meaningful  conditions,  x^  <  x,,. 

To  use  Eq  (3),  definitions  must  be  provided  for  both  the  Gurney  energy  E  and  the  blowoff  depth  x^. 
We  first  assume  that  the  energy  in  the  laser  pulse  is  deposited  exponentially  in  the  flyer  according  to 
an  effective  absorption  coefficient  m,//-  Since  the  velocity  of  the  flyer  is  relatively  insensitive  to  the 
details  of  the  energy  deposition  profile  (Lawrence,  1992),  alternate  approximations  could  easily  be  used 
(e.g..  a  uniform  deposition  over  a  depth  governed  by  /i,.//);  however,  we  have  chosen  Lambert's  Law 
because  it  is  physically  the  most  realistic.  The  energy  per  unit  mass  in  the  flyer  c(x)  is  then 

fix)  =  tteifF,,  (1  -  r)  exp(-g,.//  p  x  ),  (4) 

where  F,,  is  the  laser  fluence  incident  on  the  flyer,  and  r  is  the  effective  fractional  energy  loss.  The  latter 
includes  losses  due  to  both  reflection  and  radiation  and  is  integrated  over  the  entire  time  of  the 
interaction.  This  deposition  profile  is  illustrated  in  Fig.  2,  where  we  note  that  the  energy  at  the  inner 
surface  of  the  flyer  is  c„  =  p,.//  F.,  (1  —  r). 

Pvilse-width  dependence  is  incorporated  into  the  model  by  taking  g,,^y  to  be  a  function  of  both  the  true 
mass  absorption  coefficient  p„  and  the  laser  pulse  duration  t.  The  form  chosen  is 


Mr//  = 


_ Mo _ 

1  +  A-  M„  p  Y'V  T 


(5) 


where  o  is  the  thermal  diffusivity  of  the  flyer.  It  is  related  to  more  common  thermal  properties  through 
o  =  K/pc  ,  where  K  is  the  thermal  conductivity  and  c,,  is  the  specific  heat.  The  constant  k  is  not  an 
additional  parameter,  but  it  is  included  to  allow  for  uncertainties  in  the  handbook  values  for  p„  and  n. 
To  contrast  direct  energy  deposition  with  that  controlled  by  thermal  effects,  we  note  that  the  effective 
mean  free  path  is  1/p,//  p.  In  the  limit  of  short  pulse  durations  this  is  a  true  mean  free  path  of  l/p„  p, 
while  for  long  pulse  widths  such  that  r  »  r.,  =  l/ofAp,,  p)-,  the  problem  is  thermally  dominated,  and 
the  energy  can  he  considered  to  be  deposited  on  or  near  the  front  surface  as  a  thermal  load.  In  this  case 
Eq  (.o)  leads  to  an  effective  mean  free  path  of  Alor)''-,  which  is  a  characteristic  diffusion  length  for  the 
pulse  width  r.  Anticipating  our  experimental  results,  we  find  that  for  the  metallic  flyers  we  are  using, 
p„  is  in  the  vicinity  of  lO"  cm"7g,  k  is  about  0.3,  and  <>;  is  typically  ~  I  cmVs.  The  transition  pulse  width 
r,,  is  thus  no  larger  than  a  small  fraction  of  a  nanosecond.  Since  all  of  our  laser  pulse  widths  are  greater 
than  this  by  at  least  an  order  of  magnitude,  all  the  interactions  considered  here  are  clearly  dominated 
by  thermal  diffusion,  and  the  precise  value  for  p„  is  not  particularly  important. 


e(x) 


Fig.  2.  Exponential  energy  deposition 
profile. 


Fig.  1.  Schematic  for  fully  tamped,  laser-driven 
flyer  configuration. 
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The  thic  kness  x,,  of  the  layer  vaporized  from  the  flyer  is  determined  by  finding  the  depth  at  which  the 
deposited  energy  is  equal  to  the  decomposition  or  vaporization  energy  e^.  Thus  we  solve  Eq  (4)  in  the 
form  =  c,/,  obtaining 


1  ,  /mc//E„(1  —  r) 

Xd  =  -  In  - - 

as  suggested  in  h'ig.  2.  Now  the  amount  of  energy  available  for  accelerating  the  flyer  is  that  in  excess  of 
and  contained  in  the  hlowoff  layer,  as  indicated  by  E,„,  in  the  figure.  It  can  be  found  from 


E„„  =  p"  Ift-v)  -  fdl  dx  , 
Jo 

where  f(x)  and  x,,  are  obtained  from  Rqs  (4)  and  (6).  This  leads  to 


(7) 


E 


tat 


F„  (1  -  r) 
f> 


(-1- 


+ 


(8) 


In  this  expression  the  first  term  on  the  right  is  the  total  deposited  energy,  and  the  second  term 
represents  the  amount  that  cannot  be  converted  into  kinetic  energy.  The  latter  has  two  parts,  the 
energy  lost  to  deposition  beyond  the  blowoff  depth,  and  the  energy  used  for  vaporization,  c,yX^. 

Finally,  we  define  the  Gurney  energy  as  this  latter  value,  averaged  over  the  thickness  of  the 
hlowoff  layer.  E  —  E,„,/x,,<  or 


E  = 


^1,  (1  -  r) 

P  Xd 


frf  I  1  + 


1 


Peff  P  Xd 


(9) 


To  use  t  he  model  for  predicting  the  flyer  velocity,  we  first  calculate  the  effective  absorption  coefficient 
from  F,q  (.'>).  Then,  for  each  laser  fluence  of  intere.st,  we  find  x^  from  Eq  (6),  and  E  from  Eq  (9).  The 
flyer  velocity  r,,  then  follows  from  Eq  (3). 


MODEL  CHARACTERISTICS  AND  SCALING  LAWS 


A  number  of  features  and  characteristics  predicted  by  the  model  have  been  borne  out  well  by  all  the 
experiments  conducted  to  date.  The  first  is  that  there  is  a  threshold  laser  fluence  F,^  below  which  none 
of  the  flyer  is  vaporized  and  no  flyer  motion  will  take  place.  Its  value  can  be  determined  by  setting 
x,i  -  0  in  Eq  (6)  and  solving  for  the  fluence,  yielding 


Fo, 


_ _ 

Pf//  (1  -  r) 


(10) 


When  the  problem  is  thermally  dominated,  as  is  generally  true  for  our  current  configuration,  the  laser 
pulse  w'idth  can  be  considered  long,  and  using  Eq  (5).  the  threshold  becomes 


P  Cd  yn  r 
1  -  r 


T  » 


1 


n  (A  fla  pl‘ 


(11) 


In  this  case  F,,,  will  scale  with  the  square  root  of  pul.se  duration.  If  t  were  much  shorter  than  the 
transition  value,  then  would  be  independent  of  r. 

'I’o  illustrate  the  general  behavior  of  the  system.  Fig.  3  contains  plots  of  several  of  the  important 
parameters  as  a  function  of  the  laser  fluence,  where  the  latter  has  been  non-dimensionalized  by  the 
threshold  F,^,.  The  threshold  is  clearly  evident  in  each  of  the  plots.  Figure  3(a)  shows  how  the  model 
predicts  the  variation  of  flyer  velocity  with  fluence.  VVe  see  that  after  the  threshold  and  knee  of  the 
curve,  the  velocity  appears  to  increase  with  the  square  root  of  the  fluence.  This  simple  scaling  arises 
from  the  fact  that,  in  general,  the  hlowoff  layer  is  a  small  fraction  of  the  total  flyer  thickne.ss,  i.e., 
X,,  x„.  That  this  is  true  can  be  shown  by  substituting  Eq  (9)  into  Eq  (3).  letting  F,,  get  large  relative 

to  F,,,.  and  keeping  x,,  small  with  respect  to  x,,.  The  result  is 


•2^F\  (I_  _r) 

V  p  Xu 


F„  >''  F,h  .  Xd  <-<  X, 


(12) 
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Fig.  3.  Model  predictions  for  (a)  flyer  velocity  i„,  (b)  energy-coupling  efficiency  f,  and  (c)  impulse-  or 
momentum-coupling  coefficient  //F,,.  The  fluence  is  non-dimensionalized  with  respect  to  the  threshold 
F,i,,  and  in  all  cases  the  ordinate  units  are  arbitrary. 

Not  only  does  this  indicate  how  the  velocity  scales  with  fluence,  but  it  shows  that  under  these  limits  it 
also  scales  with  p  and  (1  —  r)''-,  but  is  independent  of  both  t  and 

Next  we  define  the  energy-coupling  efficiency  t  as  the  kinetic  energy  of  the  flyer  divided  by  the  energy 
fluence  in  the  laser  pulse, 

p(x„  —  xa) 

^ 

Using  Eqs  (3),  (6),  and  (9)  this  becomes 


3  —  -  1 

_i£^ _ l 

- 


(1  +  !nF*)l 


where  F*  =  F„/F,f,  =  p,.ff  F„(  I  -  r)/c,y,  and  is  the  laser  fluence  non-dimensionaiized  with  respect  to  the 
threshold  fluence.  We  can  show  that  as  F*  gets  large,  1  -i-  In  F*  gets  small  relative  to  F*.  Hence  the 
latter  term  can  be  dropped  from  Eq  (14),  and  we  have 


-  V 

-  ■) 


(1  -  r)  ,  F„  »  F„,  , 


and  /  is  independent  of  the  fluence.  If,  in  addition,  x^  «  x„,  then  the  efficiency  becomes 

i  ^  (1  -  r)  ,  F„  »  F,h  ,  Xd  «  .r„  (16) 

and  it  is  dependent  only  on  the  energy  loss  r.  This  is  evident  in  Fig.  3(b)  where  the  curve  asymptotically 
approaches  its  maximum  value  as  the  fluence  gets  large.  This  last  result  is  extremely  valuable  because 
it  will  allow  us  to  determine  r  from  a  limited  .set  of  high-fluence  experimental  data. 

Another  parameter  of  importance  is  the  momentum-  or  impulse-coupling  coefficient  //F,,.  It  is  defined 
as  the  momentum  per  unit  area  in  the  flyer  divided  by  the  laser  fluence,  and  is  shown  in  Fig.  3(c),  again 
plotted  as  a  function  of  F„/F„,.  From  the  figure  we  see  that  //F,,  peaks  at  an  intermediate  fluence  and 
then  falls  off  as  the  fluence  increases  further.  The  specific  nature  of  this  behavior  can  be  examined  by 
looking  at  the  actual  form  of  //F„,  which  can  be  written  as 

/  p{x,  ~  Xw)  v„ 

=  .  (17) 

In  this  case,  we  first  expand  and  then  approximate  the  resulting  expression  in  the  limit  which 

leads  to 
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Fig.  4.  The  elfect  of  flyer  thickness  on  (a)  flyer  velocity  and  (b)  energy-coupling  efficiency.  The  flyer 
velocity  is  non-dimensionalized  with  respect  to  the  scaled  value  given  by  Eq  (12). 


The  second  square-root  term  on  the  right,  which  is  a  function  of  F*  only,  controls  the  shape  of  the 
curve;  the  other  factors  are  simply  dimensionalizing  constants.  Examining  this  term,  we  find  that  it  has 
a  maximum  value  of  0.:il9  at  F*  =  If  we  can  experimentally  locate  this  point  at  and 

(F, ,),,,,,,  we  then  have 


Cd  2  X  0.2 19'-*  X  p  Jr„  (1  -  r)" 


IV/  ^  3.51 

frf  (1  -  r)  ’ 


(19) 


as  long  as  .y,^  «  x,,.  Along  with  Eq  (16),  these  results  will  he  used  to  specify  fully  all  the  parameters 
required  by  the  model.  In  the  high-fluence  limit,  l/F,,  further  reduces  to 


1  j'l  /j  x„  (1  -  r) 

T„  ^  V  K 


Xd  «  X„  ,  F„  »  F,d  , 


and  we  see  that  it  falls  off  as  the  square  root  of  F„,  as  suggested  in  the  figure. 


(20) 


'I'he  scaling  laws  and  relations  that  we  have  developed  here,  especially  Eqs  (10),  (12).  (16),  and  '20).  can 
be  used  to  provide  rapid  hut  approximate  results  for  the  behavior  of  this  class  of  laser-driven  flyer 
launchers.  I'he  only  restriction  is  that  we  observe  the  appi«)priate  limits  in  terms  of  fluence  and  flyer 
thickness. 


An  interesting  question  remains:  What  happens  when  these  limiting  conditions  are  not  realized?  With 
respect  to  the  fluence  the  answer  is  simple.  I'he  threshold  is  approached  from  above  and  then  achieved; 
there  is  then  no  flyer  motion,  and  both  the  energy  and  momentum  coupling  become  zero.  On  the  other 
hand,  if  .v,,  is  small  enough  so  that  a  significant  fraction  of  the  flyer  is  vaporized  by  the  laser  pulse,  then 
the  relevant  scaling  laws,  in  particular  Eqs  (12),  (16),  (18),  and  (20).  no  longer  apply.  To  illustrate. 
Fig.  1  shows  plots  of  both  r,,  and  j  using  their  full  forms,  Eqs  (.2)  and  (1.2).  In  Fig.  4(a).  we  show  how 
the  flyer  velocity  behaves  for  these  two  cases.  To  emphasize  the  differences,  v,,  is  non-dimensionalized 
with  respect  to  the  scaled  value  given  by  Eq  (12);  in  other  words,  for  the  ordinate  we  plot  v.Jx*.  where 
I  *  ^  (2f’,(l  ^  r)4a„|'^-.  Hence,  the  curve  for  the  thick  flyer  (jY,,/.v,,  <<  1 )  approaches  a  value  of  one 

as  the  fluence  gets  large.  In  contrast,  when  the  flyer  is  thin  (-V,,/.y„  —  1 ).  we  see  that  the  velocity  becomes 
much  larger  than  the  scaled  value.  For  the  energy-coupling  efficiency  f.  we  show  similar  curves  in 
Fig.  4(h).  For  thick  flyers  (  asymptotically  approaches  I  —  r  or  0.4  at  large  fluences  (the  calculations 
were  performed  with  r  ^  0.6),  whereas  h)r  thin  flyers  f  drops  off  rapidly  when  .v,,  exceeds  roughly  half 
of  the  initial  thickness  .v,,.  Thus,  although  the  velocity  can  be  driven  higher  by  using  thin  flyers,  the 
eflu'iency  with  which  the  energy  can  he  coupled  into  the  flyers  is  reduced  by  an  even  greater  factor. 
'I'hese  thin-flyer  effects  have  not  been  experimentally  verified,  hut  assuming  that  adequate  diagnostics 
could  be  employed,  there  is  little  doubt  that  these  trends  would  he  observed. 


PARAMETER  DETERMINATION 

In  the  jirevious  section  we  suggested  that  a  limited  set  of  experimental  data  could  he  used  to  define  all 
the  parameters  required  by  the  model.  Here  we  will  describe  the  appropriate  procedure,  using 
measurements  taken  with  aluminum  flyers  as  an  example.  We  first  assemble  the  characteristics  of  the 
system  with  which  we  are  working,  specifically  the  laser  fluence  F,.  the  pulse  width  r.  and  the  flyer 
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thickness  x,,.  Knowing  the  flyer  material,  we  should  be  able  to  obtain  readily  the  flyer  density  p,  the 
thermal  diffusivity  «,  and  the  vaporization  energy  c,y.  Although  it  is  not  particularly  important  for  the 
present  configuration,  we  should  also  be  able  to  find  at  least  an  estimate  for  the  true  absorption 
coefficient  fnr  the  laser  wavelength  being  used.  This  leaves  only  two  parameters,  the  integrated 
fractional  energy  loss  r,  and  the  effective  absorption  coefficient  p,.//. 

To  generate  values  for  these  last  two  model  inputs,  we  need  one  set  of  velocity  measurements  spanning 
a  range  of  fluences  starting  near  the  threshold  but  with  the  other  variables  held  constant.  If  the  flyer 
thickness  is  great  enough  so  that  x„  »  x^,  these  data  can  be  converted  to  energy-coupling  efficiencies 
i  through 


f  ^ 


P 

2  Fo 


and  into  impulse-coupling  coefficients  //F„  with 


x„  »  Xa  , 


(21) 


I  ^  P  Xfj  \q 
^  o  ^  o 


Xo  ^  Xd  ■ 


(22) 


If  the  data  are  plotted  as  f  versus  F„,  they  should  approach  a  constant  value  as  the  fluence  is  increased, 
and  if  they  are  plotted  as  //F,„  they  should  peak  at  a  fluence  several  times  the  threshold.  The  limiting 
value  of  f  will  lead  to  r  through  Eq  (16),  and  the  maximum  value  of  //F„  will  yield  p,.if  through  Eq  (19). 


As  an  example,  we  will  consider  one  of  our  earlier  sets  of  data  employing  aluminum  flyers,  for  which  the 
relevant  system  parameters  are  x„  =  25  mhi  for  the  flyer  thickness,  and  r  =  25  ns  for  the  laser  pulse 
width.  For  the  aluminum  flyers,  we  have  p  =  2.7  g/cm'*  for  the  density,  =  12  kJ/g  for  the  vaporiza¬ 
tion  energy,  a  =  0.8  cm-/s  for  the  thermal  diffusivity,  and  =  4.4  X  10'’  cm'/g  for  the  true  absorption 
coefficient  at  the  laser  wavelength  of  X  =  1.06  pm  (Hultgren  et  al.,  1963;  Touloukian  et  al.,  1973;  Weber, 
1986).  Converting  the  measured  velocity  data  with  Eqs  (21)  and  (22),  we  obtain  the  results  shown  in 
Figs.  5(a)  and  5(b). 

Looking  first  at  the  energy-coupling  efficiency,  it  appears  that  f  is  asymptotically  approaching  a  value 
of  about  0.4.  Using  Eq  (16),  this  leads  to  a  value  for  the  energy  loss  of  r  =  0.6.  Next,  an  estimate  for 
the  coordinates  of  the  peak  impulse-coupling  coefficient  can  be  made  from  Fig.  5(b).  For  these  data  we 
find  (//F,),,„  ^  Sr  43  dyne  s/.I  at  a  fluence  of  F„  =  10.4  J/cm".  With  r  =  0.6,  both  parts  of  Eq  (19)  then 
give  p,.ff  =  1.01  X  lO”*  cmVg  for  the  effective  absorption  coefficient.  In  the  actual  implementation  of 
the  model,  p,.//  is  not  used  directly  but  is  computed  from  Eq  (5).  To  find  the  required  constant  k,  we 
simply  invert  this  expression,  obtaining 


k  = 


Mg  -  Pefl 
Mo  Pell  P 


(23) 


where,  as  was  mentioned  earlier,  k  is  not  an  additional  parameter  but  provides  for  uncertainties  in  the 
other  constants  contributing  to  p,.^f.  The  value  thus  obtained  is  k  =  0.253.  The  curves  in  both  parts  of 
Fig.  5  were  plotted  using  Eqs  (3)  and  (17)  with  this  result  and  the  other  constants  mentioned  above. 


Fig.  5.  F^xperimental  data  for  aluminum  fivers  with  r  =  25  ns  and  .r,,  =  25  pm  plotted  in  terms  of  (a) 
energy-coupling  efficiency  f,  and  (b)  impulse-coupling  coefficient  I/F,,.  The  curves  were  calculated 
from  the  model  using  the  constants  derived  from  these  data. 
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Note  that  through  Eq  (10)  an  independent  determination  of  could  have  been  found  from 
an  experimental  estimate  of  the  threshold  fluence  F.„-  For  the  present  data  set  an  estimate  of 
F„,  3  J/cm-  would  have  been  very  close  to  tbe  value  predicted  by  Eq  (10)  and  the  above  constants, 

2.97  .J/cm“.  All  these  final  values  for  the  material  constants  are  summarized  in  Table  1. 


Table  1.  Flyer  Material  Properties 

Aluminum 

Copper 

Magnesium 

Material  density,  p  (g/cm  *) 

2.7 

8.93 

1.74 

Decomposition  energy,  (kJ/g) 

12.0 

6.2 

7.0 

Thermal  diffusivity,  «  (cm-/s) 

0.8 

1.0 

0.86 

True  absorption  coefficient,  g„ 
(cm7g) 

4.4X10'' 

9.3X10^ 

1.0X10'' 

Absorption  coefficient  constant,  k 
(dimensionless) 

0.253 

0.252 

0.30 

Effective  energy  loss,  r 
(dimensionless) 

0.60 

0.45 

0.40 

MODEL  APPLICATIONS 

Two  major  areas  will  be  used  for  applying  the  model  to  actual  experimental  results.  For  the  first,  we  will 
analyze  a  range  of  parameter  variations  using  aluminum  flyers;  for  the  second,  we  will  look  at  more 
limited  sets  of  data  on  two  alternate  metallic  flyer  materials,  copper  and  magnesium. 

To  illustrate  the  accuracy  of  the  model,  as  well  as  the  range  of  parameters  over  which  we  can  reliably 
extrapolate  its  predictions,  we  will  examine  experimental  variations  in  flyer  diameter  and  thickness, 
laser  pulse  duration,  and  coupling  method.  For  the  initial  comparison,  we  combine  the  data  used  to 
determine  the  parameters  for  aluminum  flyers  with  additional  measurements  taken  with  other  optical 
fiber  and  flyer  diameters.  The  results  are  shown  in  Fig.  6.  It  is  clear  that  all  the  data  lie  very  close  to 
the  single  curve  generated  by  the  model.  The  fact  that  the  flyer  diameter  makes  no  significant 
difference  in  the  flyer  velocity  shows  that  our  original  assumption  of  one  dimensionality  is,  for  all 
practical  purposes,  fully  justified.  The  plot  also  shows  that  the  high-fluence  square-root  scaling  of  r„ 
with  F,,  predicted  by  Eq  (12)  is  well  obeyed. 

The  next  example  considers  a  set  of  shots  that  did  not  use  the  optical  fiber  to  couple  the  laser  energy 
to  the  flyer,  but  instead  employed  a  thick  plate  of  fused  silica  on  which  the  flyer  was  mounted,  and  that 
provided  the  tamping  for  the  blowoff  products.  A  lens  was  then  used  to  focus  the  laser  beam  on  the 
inner  surface  of  the  flyer,  through  the  quartz  plate.  In  addition,  the  aluminum  flyer  was  considerably 
thicker,  with  x,,  =  66  gm,  and  the  pulse  width  was  r  =  18  ns.  It  was  anticipated  that  the  laser  fluence 
would  be  .somewhat  le.ss  uniform  acro.ss  the  flyer  diameter  than  with  the  optical  fiber,  but  if  this  were 
true,  it  did  not  lead  to  any  significant  anomalies  in  the  flyer  response.  Because  of  the  different  coupling 
method,  the  delivery  of  the  laser  energy  to  the  flyer  is  less  efficient  than  with  the  fiber,  and  it  was  found 
that  an  energy  loss  fraction  of  r  =  0.78  was  needed  to  match  these  data.  All  the  other  input  constants 
were,  however,  the  same  as  before.  The  results,  which  are  plotted  in  Fig.  7,  show  excellent  agreement 
between  theory  and  experiment. 

Returning  to  the  fiber-coupled  configuration,  we  next  consider  the  interaction  of  the  laser  pulse  with 
thin  flyers.  The  measurements  and  calculations  shown  in  Fig.  8  used  a  pulse  duration  of  t  =  18  ns  and 
a  (Iyer  thickness  jr„  of  only  h  gm.  'Phis  is  only  one-fifth  the  thickne.ss  of  the  flyers  used  for  the  Fig.  6  data 
and  less  than  one-tenth  that  represented  in  Fig.  7.  Again,  with  no  changes  to  the  basic  input 
parameters,  the  model  reproduces  the  data  very  closely.  With  flyers  this  thin,  there  is  some  question  as 
to  the  thickness  of  the  blowoff  layer  x,,,  and  whether  the  limiting  condition,  .r,,  «  x,,,  is  maintained. 
Although  this  restriction  is  not  a  requirement  for  applying  the  model,  a  departure  from  the  velocity 
scaling  suggested  by  Eq  (12)  and  illustrated  in  Fig.  4(a)  might  be  expected.  No  such  deviation  is 
observed,  and  in  fact  for  the  maximum  lluence  in  this  experimental  series,  F,,  =  26  J/cm",  Eq  (6)  leads 
to  x,,/x,,  ^  0.14.  Apparently  this  value  is  adequate  to  meet  the  limiting  case  requirements. 
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Fig.  6  Comparison  of  model  predictions  with 
experimental  results  for  aluminum  flyers.  The 
various  symbols  represent  different  flyer  diam¬ 
eters  and,  by  their  agreement  with  a  single 
theoretical  curve,  they  indicate  that  the  inter¬ 
action  is  one  dimensional.  In  these  experiments, 
the  flyer  thickness  was  jc„  =  25  #im  and  the 
pulse  width  was  t  =  25  ns. 


Fig.  7.  Comparisons  between  theory  and  exper¬ 
iment  for  lens-coupled  aluminum  flyers.  Here  the 
flyer  thickness  was  jc„  =  66  jxm  and  the  pulse 
width  was  t  =  18  ns.  Because  of  the  coupling 
method,  a  value  of  r  =  0.78  was  required  to 
m..'oh  these  data;  otherwise,  the  standard  param¬ 
eters  were  used. 


For  a  final  parametric  variation  using  aluminum  flyers,  we  analyze  a  series  of  experiments  in  which  all 
the  parameters  were  held  roughly  constant  except  for  the  laser  pulse  duration.  In  this  case  we  used  a 
flyer  thickness  of  jc„  =  12.7  fim  and  a  nominal  fluence  of  F„  ^  27  J/cm*.  The  pulse  width  r  was  allowed 
to  vary  over  more  than  an  order  of  magnitude,  ranging  from  4  ns  to  48  ns.  Both  the  experiments  and 
the  model  predictions  are  plotted  in  Fig.  9.  Again,  the  theory  matches  the  data  quite  well.  There  is, 
however,  some  evidence  in  the  data  cf  a  structure  not  exhibited  by  the  model,  but  it  is  difficult  to 
ascertain  whether  this  is  real  or  just  an  artifact  of  experimental  uncertainties. 

Although  most  of  our  efforts  have  concentrated  on  aluminum  flyers,  several  other  materials  have  been 
examined.  For  the  second  basic  model  application,  experimental  results  were  obtained  from  both 
copper  and  magnesium  flyers,  and  the  data  are  shown  in  Fig.  10.  For  copper  (Paisley,  1991),  the 
required  material  properties  were  determined  in  the  same  manner  as  with  aluminum,  and  are  listed, 
along  with  the  constants  for  the  other  materials,  in  Table  1.  As  with  aluminum,  the  agreement  between 
theory  and  experiment  is  very  good  over  the  entire  range  of  fluences  examined.  In  a  similar  fashion,  we 
have  analyzed  and  then  plotted  the  results  for  magnesium  flyers.  As  with  the  other  materials,  the  model 
matches  the  data  very  well,  and  any  discrepancies  could  easily  be  attributed  to  experimental  scatter. 

The  major  difference  among  the  three  flyer  materials  shows  up  in  terms  of  the  overall  energy  loss  r.  For 
aluminum  at  high  fluences,  only  40 '’r  of  the  input  laser  fluence  is  ultimately  converted  into  kinetic 
energy  of  the  flyer,  whereas  for  magnesium  the  process  is  60''r  efficient.  Copper  is  almost  as  good  as 
magnesium,  with  a  value  of  r  =  0.45  for  the  energy  loss.  These  material  differences  can  probably  be  best 


Fig.  8.  Model  predictions  and  experimental 
results  for  thin  aluminum  flyers.  For  these 
shots,  the  flyer  thickness  was  x„  =  5  ftm  and  the 
pulse  duration  was  t  =  18  ns.  For  all  the 
experiments  shown  here,  x^x,,  <  0.14. 


I 
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Fig.  9  Comparison  between  theory  and  experi¬ 
ment  for  flyer  velocity  as  a  function  of  laser  pulse 
width.  For  these  shots  the  flyer  thickness  was  held 
constant  at  x„  =  12.7  ^m  and  the  laser  fluence  was 
maintained  at  F„  =  27  J/cm^.  The  model  calcula¬ 
tions  used  F„  =  28  J/cm'". 
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illustrated  by  using  the  model  to  look  at  both  the  energy -coupling  efficiency  and  the  impulse-coupling 
coefficient,  which  we  have  done  in  Fig.  11.  To  keep  these  comparisons  on  a  common  basis,  we  have  held 
the  flyer  thicknesses  constant  at  a  nominal  value  of  15  fim.  We  could  also  have  allowed  r„  to  vary  and 
kept  the  areal  density  constant,  but  it  was  felt  that  the  former  was  a  more  realistic  operational 
constraint.  A  constant  pulse  duration  of  t  =  20  ns  was  also  assumed  for  these  calculations. 

From  these  figures  we  see  immediately  that  the  threshold  fluence  for  magnesium  is  about  one-third  of 
that  for  aluminum  and  roughly  one-fourth  that  of  copper.  could  also  have  been  determined  directly 
from  Eq  (11)  and  the  respective  input  constants.  The  coupling  efficiency,  in  Fig.  11(a),  is  greater  for 
magnesium  at  all  fluences.  However,  because  of  the  dependence  of  /  on  the  other  parameters,  as 
indicated  in  Eq  (14),  the  efficiencies  for  aluminum  and  copper  are  similar,  crossing  each  other  at  an 
intermediate  fluence.  Examining  the  impulse-coupling  coefficient  in  Fig.  11(b),  we  see  that  both 
magnesium  and  copper  are  about  twice  as  good  as  aluminum,  with  magnesium  achieving  its  peak  I/F„ 
at  a  fluence  almost  one-fourth  that  of  either  of  the  other  materials.  This  could  also  have  been 
determined  with  a  direct  application  of  Eq  (18).  These  results  suggest  that,  barring  other  consider¬ 
ations,  magnesium  would  be  the  best  choice  for  the  flyer  material  in  this  type  of  laser-driven  system. 


Fig.  10.  Flyer  velocity  as  a  function  of  laser 
fluence  for  copper  and  magnesium  flyers.  The 
experiments  on  copper  (Paisley,  1991),  shown  on 
the  lower  curve,  employed  a  pulse  width  of  t  =  8.8 
ns  and  a  flyer  thickness  of  jc„  =  10  #/m.  The 
magnesium  data,  on  the  upper  curve,  were  taken 
with  r  =  18  ns  and  x„  =  12.5  ^m.  The  other  model 
parameters,  for  both  materials,  are  listed  in  Table  1. 


Fig.  11.  Model  comparisons  among  the  three  tested  flyer  materials.  In  (a)  we  show  the  energy¬ 
coupling  efficiency  f,  and  in  (b)  we  plot  the  impulse-coupling  coefficient  I/F„.  In  both  cases  the  flyer 
thickness  was  kept  constant  at  x,,  =  15  ^lm,  and  a  pulse  width  of  r  =  20  ns  was  employed. 
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CLOSURE 

In  thf  fdursf  of  this  study  we  have  developed  a  simple  model  for  predicting  the  late-time  velocity  of 
thin  livers  driven  hy  high-power  pulsed  lasers  under  conditions  where  the  hlowoff  products  are  fully 
tanii)ed.  Once  all  the  required  constants  are  established  through  the  use  of  an  initial  set  of  data,  we  have 
found  that  the  model  is  capable  of  accurate  extrapolations  to  other  conditions  involving  changes  in 
energy  lluence.  laser  pulse  wadth,  and  flyer  thickness.  In  fact,  each  of  these  parameters  has  been  varied 
by  more  than  an  order  of  magnitude,  with  no  significant  lo.ss  in  this  accuracy.  Variation  of  flyer 
diameter  with  no  resulting  velocity  change  shows  that  the  response  of  the  system  is  indeed  one 
dimensional.  Hy  comparing  different  materials,  we  have  .seen  that  the  energy-coupling  efficiencies  can 
he  altered  substantially,  and  that  these  differences  are  manifested  as  shifts  in  both  threshold  fluence 
and  |)eak  impulse-coupling  coeffit  irnt.s. 

.More  specifically,  we  have  derived  a  number  of  expressuins  that  can  be  used  to  describe  most  features 
of  the  system.  In  fact,  we  can  easily  predict  not  only  the  flyer  velocity,  hut  also  the  energy-coupling 
efficiency,  the  impidse-coupling  coefficient,  the  effective  hlowoff  depth,  and  the  threshold  fluence.  In 
the  limits  of  high  fluence  and  thick  flyers,  these  relations  become  particularly  simple  scaling  laws. 

A  more  general  hut  important  conclusion  from  this  work  is  that  simple  engineering  models,  such  as  the 
one  described  here,  provide  fast  and  economical  approaches  for  studying  many  aspects  of  problems 
involving  dynamic  interactions.  'Phis  is  true  as  long  as  the  variables  of  principal  interest  are  integral 
quantities  such  as  momentum  or  flyer  velocity  as  oppo.sed  to  non-integral  variables  such  as  pre.ssure. 
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ABSTRACT 


The  purpose  of  the  study  was  to  investigate  the  effect  of  the  impact  of  a  thin  membrane  on  aluminum  in 
the  velocity  range  6-10  km/s.  The  impulsive  load  delivered  by  a  membrane  impact  will  exceed  the 
momentum/area  of  the  membrane  because  of  rebound,  blow-off  of  vaporized  membrane  material,  and 
ejection  of  molten  and  fractured  material  from  the  target  (impulse  gain).  One  of  the  objectives  of  the 
study  was  to  quantify  the  impulse  gain  in  the  velocity  range  of  interest  Also  of  interest  was  the  physical 
damage  to  the  target  including  spall,  melting  and  fracture.  Understanding  these  damage  mechanisms  is 
important  for  protecting  spacecr^t  from  the  impact  of  space  debris  and  meteoroids. 

Simple  theories  account  for  the  flyer  rebound,  but  hydrodynamic  modeling  is  required  to  treat  the  blow- 
off  of  target  material.  At  lower  velocities,  the  blow-off  is  negligible,  but  at  10  km/s  calculations  show  it 
to  be  equal  to  the  rebound  momentum  for  one-dimensional  (1-D)  impacts.  The  modeling  of  three- 
dimensional  (3-D)  experiments  revealed  large  effects  at  the  edge  of  an  impacting  membrane,  prompting 
an  emphasis  on  1  -D  pressure  profile  experiments. 


87k-l  ELECTRIC  GUN  FACU  JTY: 

The  LLNL  electric  gun  systems  operate  by  discharging  a  capacitor  bank  through  a  thin  metallic  foil  as  is 
shown  schematically  in  Figure  1.  Ohmic  heating  of  the  foil  deposits  a  significant  portion  of  the  stored 
capacitor  bank  energy  into  the  foil  causing  the  foil  to  explode.  The  explosion  of  the  foil  drives  a  thin 
plate  of  material,  placed  on  top  of  the  foil,  down  a  barrel  to  impact  a  target.  LLNL  operates  several 
electric  gun  systems  with  stored  electrical  energy  up  to  1  MJ.  The  work  described  here  was  performed 
on  an  87  kJ  electric  gun  which  has  been  described  in  detail  in  Reference  [1]. 

The  heart  of  the  87-kJ  electric  gun  is  a  17.6-uF,  25-nH  capacitor  bank  which  has  a  peak  charging  voltage 
of  1(X)  kV  and  maximum  stored  energy  of  about  87  kJ.  Electrical  current  from  the  bank  flows  through 
Maxwell  rail  gap  switches  into  the  exploding  foil  load,  a  disposable,  low-inductance,  parallel-plate 
transmission  line  "laminate”  which  is  clamped  into  a  permanent  transmission  line  coming  from  the  bank, 
as  shown  schematically  in  Figure  1 . 


*  This  work  was  done  under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence  Livermore 
National  Laboratory  under  Contract  No.  W-7405-Eng-48.  Funding  was  provided  by  SDIO  through 
DNA  and  managed  by  the  U.S.  Army  Defense  Command. 
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The  transmission  line  from  the  capacitor  bank  passes  into  a  steel  target  chamber.  The  target  chamber 
contains  any  shrapnel  from  the  shot  and  is  purged  with  air  after  the  shot,  so  the  smoke  and  fumes  from 
firing  do  not  enter  the  room.  The  disposable  laminate  is  clamped  into  the  transmission  line  and  the 
barrel  and  target  are  mounted  on  top  of  the  transmission  line.  If  experiments  are  to  be  conducted  in 
vacuum,  a  disposable,  Lucite  (PMMA)  vacuum  fixture  is  mounted  over  the  barrel  and  target  and 
evacuated.  An  optical  port  provides  optical  access  for  a  laser  beam  and  a  line  of  sight  for  two  electronic 
streak  cameras.  Two  flash  x-ray  (FXR)  tubes  can  be  independently  triggered  to  measure  the  motion  of 
the  target  and  debris  over  a  prescribed  time  interval. 

Diagnostics  include  measurement  of  current  and  voltage  waveforms  to  monitor  bank  performance,  FXR 
photos,  an  electronic  streak  camera,  and  a  Fabry-Perot  (FP)  laser  velocimetcr.  For  the  FP  velocimeter 
measurements,  the  beam  from  an  argon  ion  laser  is  focused  onto  a  spot  on  a  diffusely-reflected  surface, 
typically  aluminum  or  silver  paint  The  diffusely-reflected  laser  light  is  collected  and  passed  through 
cylindrical  optics  and  then  through  a  Fabry-Perot  etalon.  For  a  collimated  beam,  the  F-P  etalon  produces 
a  series  of  circular  fringes  whose  angular  separation  depends  on  the  wavelength  of  the  return  light 
Placing  the  cylindrical  optics  ahead  of  the  etalon  collapses  the  fringe  pattern  into  a  series  of  dots  which 
are  focused  onto  the  streak  camera  slit.  If  the  diffusely-reflecting  surface  remains  stationary,  the  streak 
record  is  a  series  of  parallel  lines,  but  if  the  surface  moves,  the  return  light  is  Dt^pler  shift^  changing 
the  angular  separation  of  the  dots.  The  velocity-time  history  of  the  surface  may  be  determined  by 
measuring  the  change  in  spacing  of  the  lines  recorded  on  the  streak  record.  Flyer  velocity  was  measured 
by  painting  a  small  dot  of  silver  paint  onto  the  surface  of  the  flyer  and  monitoring  the  motion  with  the  FP 
velocimeter.  The  FP  velocimeter  was  also  used  to  measure  impulse  gain  using  the  LiF  technique,  which 
will  be  described  later. 


EXPERIMENTAL  ARRANGEMENT: 


Impulse  Gain  -  In  these  experiments,  a  thin  flyer  plate  moving  at  velocity  v  strikes  a  target  at  rest. 
From  Newton's  second  law,  we  know  that  the  impulse  delivered  to  the  target  is  equal  to  the  change  in 
target  momentum.  If  the  flyer  plate  rebounds  or  vaporizes,  and  if  material  is  ejected  from  the  target 
surface,  the  final  momentum  of  the  target  may  be  greater  than  the  initial  momentum  of  the  flyer  plate, 
hence  the  impulse  delivered  to  the  target  is  greater  than  the  initial  momentum  of  the  plate.  This  is  called 
an  impulse  gain.  It  is  convenient  to  define  quantities  in  terms  of  unit  area  of  impact,  so  we  define 
impulse  to  be  the  momentum  imparted  to  the  target  per  unit  area  of  impact.  With  this  definition,  impulse 
is  the  time  integral  of  pressure.  The  unit  of 


CAPACITOR  BANK  TRANSMISSION  LINE  LAMINATE 


Figure  1 .  Schematic  drawing  of  an  electric  gun  laminate.  A  barrel  is  placed  on  top  of 
the  flyer  and  foil,  and  the  explosion  of  the  foil  drives  the  flyer  down  the 
barrel  to  impact  a  target. 
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impulse  is  the  kilotap,  where  1  ktap  =  1000  dyne-s/cm^.  The  definition  of  impulse  gain  is  the  ratio  of 
the  impulse  delivered  to  the  target  to  the  momentum/area  of  the  incident  flyer  plate. 


Ballistic  Technique  -  One  way  to  measure  impulse  gain  is  to  measure  the  ratio  of  the  target  momentum, 
after  the  flyer  has  struck  and  rebounded,  to  the  incident  flyer  plate  momentum.  The  flyer  plate  thickness 
determines  the  mass/area  of  the  flyer  plate.  Flyers  with  a  diameter  of  22.2mm  were  us^  for  most  of  this 
work.  Flyers  were  either  0.20mm  thick  Mylar  or  0.30mm  thick  Kapton.  Both  Mylar  and  Kapton  have  a 
density  of  1.4g/cm^.  Flyer  velocity  was  measured  as  a  function  of  capacitor  bank  charging  voltage  using 
the  FP  laser  velocimeter  described  above. 

The  incident  flyer  momentum,  pf,  is  thus: 

pf=DdAvf,  (1) 

where  D  is  the  flyer  density,  d  is  the  flyer  thickness,  A  is  the  flyer  area,  and  vf  is  the  flyer  velocity. 

The  final  velocity,  vt,  of  the  aluminum  target  was  measured  by  using  the  FXR  to  photograph  the  target 
position  at  two  different  times  after  the  impact  v^  is  taken  to  be  the  displacement  of  the  target  (measured 
in  the  FXR  photos)  divided  by  the  time  interval  between  the  x-ray  flashes.  The  target  is  recovered,  its 
final  mass,  M^  is  measured  and  the  final  target  m(»nentum,  pt,  is  given  by 


Pi  =  Mtvt.  (2) 

Impulse  gain,  G,  is  thus 

G  =  (Mivt)/DdAvf).  (3) 

The  targets  were  aluminum,  typically  2.54cm  thick  and  4.45cm  square.  It  was  necessary  to  drill  two 
rows  of  holes,  through  the  target,  parallel  to  the  rear  target  surface  (opposite  the  impact  surface)  to 
suppress  spall  from  the  back  surface,  as  is  shown  in  Figure  2.  These  holes  attenuate  the  shock  wave 
produced  by  the  flyer  plate  impact  and  spall,  if  it  occurs,  occurs  internally  in  the 
holes.  Otherwise,  one  or  more  spall  scabs  will  separate  from  the  rear  surface,  greatly  complicating  the 
task  of  keeping  track  of  the  impulse  delivered  by  the  flyer  plate  impact.  It  is  advantageous  to  keep  the 
target  mass  as  low  as  possible,  to  maximize  the  target  velocity  after  impact,  but  the  lateral  dimensions 
are  limited  by  the  need  to  suppress  spall.  Had  a  target  of  smaller  lateral  dimensions  been  used,  spall 
would  have  occurred  from  the  sides  of  the  target.  Measurements  were  made  at  approximately  5,8,  and 
lOkm/s. 

There  are  a  number  of  experimental  difficulties  associated  with  this  type  of  measurement.  The  metallic 
target  must  be  shielded  from  the  magnetic  field  produced  by  the  exploding  foil,  otherwise  eddy  currents 
will  interact  with  the  magnetic  field  and  give  an  additional  momentum  component  to  the  target. 
Exploratory  experiments  without  magnetic  shielding  yielded  spuriously  high  impulse  gains.  A  layer  of 
copper  and  a  layer  of  steel,  with  holes  for  the  flyer  plate  to  pass  through,  were  used  to  shield  the  target 
from  the  magnetic  fields,  as  shown  in  Figure  3.  This  shielding  arrangement  was  tested  by  using  the  FXR 
to  monitor  the  motion  of  a  45mm  square,  25.4mm  thick,  aluminum  target  after  discharging  the  bank  with 
a  dielectric  barrier  interposed  to  prevent  the  flyer  from  striking  the  target  No  motion  was  delected  in  the 
picture  taken  18  |is  after  the  current  start.  The  period  of  the  capacitor  bank  is  about  4  ps,  and  the 
damping  is  such  that  after  two  periods  the  next  current  peak  is  only  about  20%  of  the  initial  current  peak. 
It  can  be  safely  assumed  that  the  magnetic  contribution  is  over  after  the  first  two  periods  (recall  that  the 
magnetic  force  is  proportional  to  the  square  of  the  current)  so  the  FXR  picture  indicates  that  the 
magnetic  shields  are  effective  in  eliminating  the  magnetic  contribution  to  impulse  gain. 

The  flight  distance  of  the  flyer  plate  to  the  target  was  about  5cm.  The  long  flight  distance  helps  to 
minimize  magnetic  effects,  and  to  delay  the  impact  of  slow-moving  debris  on  the  target,  e.g.  pieces  of 
the  barrel.  It  is  difficult,  however,  to  Pack  the  flyer  velocity  over  such  a  large  distance.  Attempts  to 
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Figure  2.  Schematic  drawing  of  an  impulse  gain  experiment,  using  the  ballistic  technique.  The 
dashed  drawing  on  the  right  represents  the  position  of  the  target  during  the  first  x-ray  flash,  the  upper 
drawing  represents  the  position  of  the  target  during  the  second  flash.  The  holes  at  the  top  of  the  target 
are  to  suppress  spall. 


obtain  a  good  flyer  velocity  measurement  near  the  maximum  charging  voltage  (9S  kV)  were 
unsuccessful  until  an  electronic  streak  camera  was  used  to  measure  the  arrival  time  of  the  flyer  at  the 
target.  The  FP  measurement  of  velocity  over  the  first  several  mm  of  flight  and  the  time  of  arrival, 
measured  by  the  streak  camera,  were  then  combined  to  get  a  good  measurement  of  impact  velocity. 

Another  concern  is  the  contribution  to  the  momentum  gain  from  the  aluminum  plasma  which  accelerates 
the  flyer.  The  material  velocity  in  the  plasma  is  equal  to  the  flyer  velocity,  vf  just  behind  the  flyer, 
whose  position  we  denote  by  zf  (z  =  0  before  the  flyer  is  launched).  If  it  is  assumed  that  the  flyer 
velocity  varies  linearly  from  vf  at  z  =  zf  to  0  at  z  =  0,  and  further  assumed  that  the  plasma  density  is 
uniform,  the  plasma  momentum  can  be  computed.  Let  C  and  M  be  the  mass/area  of  Uie  bridgefoil  and 
flyer  respectively.  The  flyer  momentum  is  thus  Mvf  and  one  can  show  by  integration  that  the  plasma 
momentum  is  l/2Cvf.  The  ratio  of  plasma  to  flyer  momentum  is  thus  1/2  (C/M).  For  many  of  these 
experiments  a  0.2mm  thick  Mylar  flyer  and  a  0.1mm  thick  bridgefoil  were  used,  so  the  plasma  carries 
approximately  half  the  momentum  of  the  flyer.  Not  all  of  this  momentum  contributes  to  the  impulse 
delivered  to  the  target,  however,  because  of  the  long  flight  path  and  the  magnetic  shield.  Figure  3  ^ws 
a  sketch  of  the  geometry  used  for  the  shots.  If  it  is  assumed  that  the  plasma  spreads  laterally  at  a  velocity 
equal  to  the  flyer  velocity,  it  will  spread  at  a  4S*  angle  and  from  the  experimental  geometry  it  is 
calculated  that  the  order  of  10%  of  the  plasma  mass  actually  strikes  the  target,  which  would  contribute 
the  order  of  3%  to  the  impulse.  The  impulse  from  the  plasma  contributes  directly  to  the  measurement 
error  in  the  ballistic  technique,  but  is  less  important  in  the  LiF  technique  described  below. 

Final  taiget  velocities  were  rather  low,  in  the  10  m/s  range,  and  target  displacements  were  small  over  the 
FXR  delay  times  that  were  used.  The  FXR  flashes  could  not  be  delayed  more  than  4(X)  microseconds 
because  debris  from  the  barrel  could  strike  the  target  and  change  the  momentum  at  later  times.  The 
primary  limitation  on  accuracy  was  the  error  in  measuring  the  small  target  displacements.  In  some  of  the 
later  experiments,  a  hole  was  drilled  through  the  center  of  mass  of  the  target  into  which  a  lead  sphere, 
which  could  be  more  easily  resolved  on  the  film,  was  inserted.  Measurements  using  this  technique  had 
estimated  errors  of  about  ±10%  in  the  measurement  of  sample  position.  Errors  in  x-ray  timing  and  target 
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mass  were  negligible,  so  the  major  remaining  error  is  the  systematic  contribution  from  the  plasma 
impulse,  estimated  above  at  about  S%. 

A  difficulty  with  the  ballistic  technique  is  that  the  experiment  is  inherently  two  or  three  dimensional. 
There  is  an  unavoidable  edge  effect  due  to  the  finite  size  of  the  flyer  plate.  The  extent  to  which  edge- 
effects  contribute  to  impulse  gain  is  difficult  to  quantify  experimentally,  but  impact  craters  on  recovered 
samples  show  more  material  removal  around  the  edges  of  the  impact  than  at  the  center.  Modeling 
calculations  show  the  edge  effect  to  be  large  for  10  km/s  impacts. 

LiF  Technique  -  Another  way  of  measuring  the  impulse  delivered  to  the  target  is  to  measure  the  time 
variation  of  the  pressure  at  a  point  in  the  target  as  the  pressure  wave  from  the  impact  passes  that  point. 
Impulse  is  the  time  integral  of  the  pressure,  so  this  is  a  rather  direct  and  fundamental  way  of  measuring 
impulse. 


To  achieve  this  the  arrangement  shown  in  Figure  4  was  used.  The  flyer  plate  strikes  a  1mm  thick 
aluminum  target  and  produces  a  pressure  wave  in  the  target  A  Smm  thick  LiF  crystal  is  in  contact  with 
the  rear  surface  of  the  aluminum  and  the  FP  laser  beam  passes  through  the  LiF  to  strike  the  aluminum 
and  be  diffusely  reflected.  The  FP  velocimeter  thus  monitors  the  motion  of  the  AlA-iP  interface  during 
the  passage  of  the  pressure  wave  produced  by  flyer  impact 
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Figure  3.  Schematic  drawing  of  the  magnetic  shielding  arrangement  The  steel  shield 
was  about  3mm  thick,  the  copper  shield  was  about  0.25mm  thick.  The  steel 
shield  prevents  part  of  the  plasma  from  reaching  the  target 


Generally,  two  shots  were  required  for  each  impulse  gain  measurement.  The  first  shot,  which  is  called  a 
liming  shot,  launched  the  flyer  so  as  to  strike  a  glass  cover  slip,  mounted  at  the  position  of  the  impact 
surface  of  the  target.  The  F-P  velocimeter  recorded  the  flyer  velocity  and  the  stre^Jc  camera  recorded  the 
arrival  lime  of  the  flyer  at  the  target  This  allowed  the  timing  window  to  be  set  for  the  following  impulse 
gain  shot  with  the  F-P  velocimeter,  and  also  provided  the  impact  velocity  of  the  flyer.  Measurements 
were  made  at  approximately  5,8,  and  10  km/s.  For  the  impulse  gain  shots  some  of  the  return  light  from 
the  laser  beam  was  split  off  and  focused  on  the  slit  of  the  streak  camera.  This  recorded  a  speckle  pattern 
which  is  very  sensitive  to  motion  of  the  target.  No  motion  due  to  magnetic  forces  was  detected,  but  a 
short  time  before  the  arrival  of  the  shock  wave  at  the  interface,  changes  in  the  speckle  pattern  were 
observed.  This  was  attributed  to  the  arrival  of  a  small  amount  of  gas  from  the  foil  explosion  which  had 
gotten  ahead  of  the  flyer.  No  motion  was  recorded  by  ihe  velocimeter  before  the  arrival  of  the  main 
shock,  so  it  was  concluded  that  precursor  gas  contributes  negligible  momentum. 
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Figure  4.  Schematic  drawing  of  a  LiF-technique  experiment 

Mass  and  momentum  conservation  require  the  pressure  and  material  velocity  to  be  the  same  on  both 
sides  of  the  interface  and,  knowing  the  material  velocity,  the  pressure  can  be  computed  using  the  well- 
known  Us'Up  Hugoniot  curve  for  LiF.  The  Hugoniot  curves  for  aluminum  and  LiF  are  nearly  the  same, 
so  there  is  little  reflection  of  the  shock  wave  as  it  passes  through  the  interface.  A  graphical  construction 
shows  that  a  100  GPa  shock  wave  passing  from  aluminum  to  LiF  will  only  drop  about  2%  in  amplitude. 
Lateral  dimensions  of  the  flyer  and  the  LiF  crystal  are  chosen  large  enough  to  ensure  that  the  flow 
remains  one  dimensional  over  the  time  of  interest. 

Once  the  pressure-time  curve  at  the  interface  has  been  computed  from  the  F-P  record  of  the  interface 
velocity,  it  is  a  simple  matter  to  compute  the  impulse  delivered  to  the  target  by  integrating  the  pressure 
wave.  The  error  due  to  the  impedance  mismatch  at  the  interface  is  2%  or  less. 

The  LiF  technique  is  a  much  more  accurate  way  measuring  impulse,  eliminates  edge  effects  and  it  has 
the  additional  advantage  of  being  one-dimensi(  lal.  The  one  dimensionality  makes  the  results  much 
easier  to  compare  with  calculations. 

A  disadvantage  of  the  LiF  technique  is  in  accounting  for  late-time  effects,  e.g.  the  ejection  of  molten  and 
vaporized  material  from  the  target.  One  can  increase  the  recording  time  by  using  a  large-diameter  flyer 
and  a  larger  and  thicker  LiF  crystal. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Impulse  Gain  Results: 

The  results  of  the  impulse  gain  experiments  are  shown  in  Figure  S.  Four  sets  of  data  are  displayed.  The 
inverted  triangles  represent  impulse  gain  measured  using  the  ballistic  technique.  The  rest  of  the  data  are 
obtained  using  the  LiF  technique  described  above.  The  squares  are  data  for  0.2mm  thick  Mylar,  the 
right-side-up  triangles  are  for  0.3mm  thick  Kapton  and  the  crosses  are  from  earlier  measurements  made 
with  0.3mm  thick  Kapton.  The  Hugoniot  curves  of  Kapton  and  Mylar  can  be  used  interchangeably. 

Examination  of  Figure  S  shows  a  systematic  difference  between  the  results  obtained  using  the  ballistic 
and  LiF  techniques.  The  ballistic  results  show  a  pronounced  rise  at  the  highest  impact  velocities,  while 
the  LiF  results  are  essentially  flat.  It  is  not  surprising  Uiat  the  ballistic  experiments  show  a  momentum 
gain  rising  with  impact  velocity,  because  of  the  contribution  to  impulse  gain  from  ejecta  from  the  impact 
region.  Examination  of  recovered  targets  shows  a  sutetantial  edge  effect,  which  would  not  be  present  in 
a  1 -dimensional  (1-D)  impact.  A  3-D  simulation  of  a  ballistic-technique  experiment,  discussed  in  a  later 
section,  show  that  some  of  the  impulse  is  delivered  over  a  time  span  which  is  large  compared  to  the 
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pressure  pulse  produced  by  the  impact,  with  the  target  momentum  increasing  for  3  microseconds  after 
impact  The  late  time  effects  are  presumably  due  to  material  being  ejected  from  the  impact  crater. 


Figure  5.  Summary  of  the  impulse  gain  data. 

In  contrast,  the  LiF  technique  is  inherently  1-D,  so  it  does  not  include  an  edge  contribution.  A  factor 
which  must  be  considered  in  understanding  the  LiF  results  is  the  relatively  short  duration  of  the 
measurement,  typically  a  few  hundred  nanoseconds.  Contributions  to  the  impulse  due  to  late-time 
ejection  of  material  after  the  flyer  has  rebounded  are  not  measured  so  it  is  not  surprising  to  measure  a 
larger  impulse  gain  with  the  ballistic  technique,  where  edge  effects  result  in  a  large  quantity  of  ejected 
material,  and  where  the  measurement  is  integrated  over  hundreds  of  microseconds.  Recording  time  can 
be  increased  by  using  a  larger-diameter  flyer  and  a  thicker  LiF  crystal. 

Because  of  the  long  flight  distance,  velocity  calibration  was  difficult  to  obtain,  especially  near  10  km/s. 
The  F-P  velocimeter  would  follow  the  motion  of  the  flyer  only  part  of  the  way  to  the  target  and  then  the 
signal  was  lost  This  was  finally  resolved  when  we  used  a  stre^  camera  to  record  the  impact  of  the  flyer 
plate  on  a  glass  plate.  Knowing  the  impact  time  and  distance,  we  could  extrapolate  the  early  velocity¬ 
time  record  to  give  us  the  proper  impact  time  and  distance.  Estimated  errors  in  impact  velocity  are 
shown  by  the  horizontal  error  bars  in  Figure  5. 

The  long  flight  distance  also  adversely  affects  the  flatness  of  the  flyer  impact.  Streak  camera  records  of 
flyer  impact  after  Sem  of  flight  show  that  impact  is  not  simultaneous  across  the  width  of  the  flyer.  We 
believe  that  most  of  the  difference  between  measured  and  calculated  pressures  is  due  to  this. 
Calculations  show  that  if  the  portion  of  the  flyer  surface  which  strikes  near  the  laser  spot  has  a  ridge,  the 
pressure-time  records  will  depend  on  the  distance  from  the  ridge  to  the  laser  spot,  accounting  for  most  of 
the  scatter  in  the  LiF  technique  results. 


Sample  Recovery: 

All  of  the  samples  from  the  ballistic-technique  experiments  were  recovered,  and  for  some  of  the  velocity 
calibration  shots  3mm  aluminum  plates  were  used  as  witness  plates  to  show  the  effect  of  the  impact  on  a 
thinner  target.  At  ~5  km/s,  an  impact  crater  was  formed  showing  considerable  plastic  flow,  but  little 
melting  except  around  the  edges  of  the  impact.  At  -8  km/s  and  above,  considerable  melting  was  evident. 
The  mass  of  the  targets  was  measured  before  and  after  impact  and  a  crude  estimate  can  be  made  of  the 
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depth  of  melt  from  these  data.  If  we  assume  an  idealized  crater  with  a  flat  bottom  and  the  same  area  as 
the  22.2mm  square  flyer,  we  obtain  the  estimate  of  average  melt  depth  produced  by  the  impact  of  0.2mm 
thick  Mylar  flyers  which  is  shown  in  Figure  6. 

A  LiF  shot  at  10  km/s  with  a  0.2mm  thick  Mylar  flyer  impacting  a  1mm  thick  aluminum  target  recorded 
a  peak  pressure  of  67  GPa  at  the  Al/LiF  interface.  Figure  7  shows  the  calculated  release  temperature  of 
shocked  2024  aluminum  [3],  with  melt  occurring  at  release  from  about  67  GPa,  so  the  9  km/s  impact 
must  melt  the  A1  target  to  a  depth  of  at  least  1mm.  This  result  is  quite  consistent  with  the  estimated  melt 
depths  shown  in  Figure  6. 

When  3mm  thick  A1  plates  were  used  in  velocity  calibration  experiments  at  10  km/s,  a  0.2mm  thick 
Mylar  flyer  simply  blew  a  hole  in  the  plates.  When  a  second  plate  was  added,  spaced  6mm  behind  the 
fust  plate,  the  0.2mm  flyer  also  made  a  hole  in  the  second  plate.  It  should  be  noted  that  these  plates  had 
a  small  hole  in  them  to  pass  the  laser  beam  for  velocity  calibration,  so  these  shots  should  be  repeated 
with  intact  plates  to  confum  the  results. 


Simple  Theories  of  Impulse  Gain: 

Some  of  the  gain  in  impulse,  which  is  observed  when  a  flyer  plate  strikes  a  target,  is  due  to  the  rebound 
of  the  flyer  plate  after  the  collision.  If  some  simplifying  assumptions  are  made  about  the  material 
properties  of  the  flyer  and  target,  the  momentum  carried  by  the  rebounding  flyer  is  easy  to  compute.  For 
example,  if  the  flyer  rebounded  elastically  from  a  much  heavier  target,  the  momentum  gain  would  be 
nearly  two.  For  non-elastic  collisions,  the  Hugoniot  jump  condiuons  are  used  to  compute  the  final  state 
of  the  flyer  at  the  instant  it  separates  from  the  target. 

The  simplest  model  is  one  put  forth  by  John  Huntington  (4]  where  one  assumes  that  shock  waves 
propagate  in  the  target  and  flyer  at  the  sound  of  speed,  c.  This  will  be  referred  to  as  the  acoustic 
approximation.  The  Rankine-Hugoniot  jump  condition  requires  that 

P  =  Douc  (4) 

where  P  is  the  pressure  behind  the  shock  waveDo  is  the  initial  density  of  a  shocked  material  and  u  is  the 
material  velocity  behind  the  shock  wave.  This  can  be  expressed  in  terms  of  the  shock  impedance,  x,  of 
the  material  as 


P  =  xu  (5) 

where  x  =  DqC.  In  this  approximation,  the  (P,u)  Hugoniot  is  linear  with  slope  x.  To  compute  the 
impulse  gain  in  a  collision,  an  impedance-matching  calculation  is  done  first  to  determine  the  state  (P,u) 
which  is  produced  at  the  collision  interface.  If  it  is  further  assumed  that  the  materials  release  to  zero 
pressure  ^ong  an  isentrope  identical  to  the  Hugoniot,  (xie  can  compute  the  final  state  of  the  flyer,  (o,ur), 
where  Ur  is  the  rebound  velocity.  Using  momentum  conservation,  one  can  then  show  that  the 
momentum  gain,  G,  is 

G  =  2X/(l-i-X)  (6) 

where  X  is  the  ratio  of  target  impedance  to  flyer  impedance.  This  result  predicts  that  the  momentum 
gain  in  a  collision  between  Kapton  or  Mylar  and  aluminum  should  be  1 .61 ,  shown  as  the  dashed  line  in 
Figure  5.  The  agreement  with  the  measured  gains  is  quite  good,  considering  the  crudeness  of  the 
assumptions. 

To  refine  the  model,  one  can  improve  the  assumption  of  a  constant  shock  speed.  Most  materials  exhibit 
a  Hugoniot  where  the  shock  velocity,  U,  is  a  linear  function  of  the  material  velocity,  u. 


U  =  Co  +  su. 


(7) 
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VELOCITY  (km/s) 

Figure  6.  Average  melt/erosion  depth  for  aluminum  samples  impacted  by  22.2mm, 
square,  0.2mm  thick  Mylar  flyer  plates. 
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Figure  7.  Calculated  release  temperature  of  2024  aluminum  [3]. 

where  Cq  and  s  can  be  measured  experimentally.  If  one  again  assumes  that  the  release  isentrope  is 
identical  to  the  Hugoniot,  one  can  show  that 

G  =  2(l-u/vf),  (8) 

where  u  is  the  initial  velocity  of  the  collision  interface  and  vf  is  the  flyer  impact  velocity.  The  predicted 
impulse  gain  for  a  material  with  a  linear  GJ.u)  Hugoniot  is  shown  in  Figure  S  as  the  dotted  line.  The 
pr^icted  impulse  is  somewhat  lower  than  for  the  acoustic  approximation  and  is  in  good  agreement  with 
most  of  the  LiF  data. 
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There  arc  other  effects  which  cannot  be  included  in  these  simple  models,  and  as  the  velocity  of  impact 
increases,  these  effects  will  become  more  important.  The  assumption  that  the  release  isentrope  is 
identical  to  the  Hugoniot  becomes  invalid  at  higher  pressures.  The  simple  models  also  cannot  include 
the  contribution  of  blow-off  from  the  target  surface  or  the  vaporized  flyer.  The  simple  theories  give  a 
reasonable  estimate  of  the  flyer  rebound  which  is  a  major  contributor  to  impulse  gain  for  the  velocity 
range  we  have  studied,  but  one  would  expect  them  to  fail  to  account  for  an  increasing  fraction  of  impulse 
gain  as  the  impact  velocity  continues  to  increase. 


IIYDROCODE  CALCULATIONS 


Modeling  Considerations 

Modeling  is  prompted  by  several  factors.  There  is  a  need  to  relate  the  3-D  experiments  to  the  I-D 
operational  case  of  greatest  interest.  Furthermore,  experimental  investigation  of  all  eventualities  is 
neither  realistic  nor  affordable  and  therefore  calculations  must  address  many  scenarios  of  interest  There 
is  also  an  interplay  between  calculations  and  experiments.  Carefully  designed  experiments  benchmark 
code  calculations  and  calculations  provide  a  check  on  the  reliability  of  experimental  data.  Calculations 
are  credible  to  the  extent  that  they  incorporate  all  the  relevant  physics.  Reasonable  agreement  enhances 
the  credibility  of  both.  The  components  that  contribute  to  impulse  gain  are  the  incoming  flyer 
momentum,  the  flyer  rebound  momentum,  and  the  momentum  of  the  melted  or  failed  material  ejected 
from  the  target.  Hydrocode  calculations  treat  all  of  the  components  and  are  the  most  powerful 
calculational  means  of  simulating  and  understanding  the  impact  of  a  membrane  on  a  satellite  structure  at 
hypervelocities. 


Modeling  Calculations: 

The  JOY,  Eulerian  hydrodynamics  code  was  selected  because  it  is  a  well-documented  code  with  3-D 
capability  that  was  develops  for  impact  modeling.  The  equations  of  state  (EOS)  for  the  materials  in  the 
problem  are  an  essential  part  of  the  calculation.  For  the  6061  aluminum  targets  and  for  LiF,  a  Gruneisen 
EOS  was  chosen  from  the  LLNL  EOS  library  which  includes  models  for  work  hardening  and  melting.  A 
Gruneisen  EOS  from  the  tabulation  by  Marsh  [2]  was  used  for  the  Kapton  and  Mylar  flyers.  EOS 
parameters  are  listed  in  Table  I. 


TABLE  I.  EOS  fARAMETERS 


Parameter 

6061  Al 

Kapton 

Mylar 

LiF 

Density  (g/cm^ 

2.7 

1.43 

1.40 

2.63 

Yield  Str.(GPa) 

0.29 

0.2 

0.2 

0.36 

Shear  Mod.  (GPa) 

27.6 

2 

2 

49.0 

Gamma 

1.97 

0.5 

0.5 

1.69 

Gamma  Vol.  CoelT. 

0.48 

0.34 

Co  (km/s) 

5.24 

2.66 

2.57 

5.15 

s  (km/s) 

1.40 

1.48 

1.49 

1.35 

Before  proceeding  with  the  3-D  calculations,  which  are  very  costly  in  computer  time,  1-D  calculations 
were  performed  to  explore  parameter  dependence  and  establish  zoning  requirements.  First,  the 
parameters  of  the  Kapton  EOS  were  varied.  Changing  Cq  and  s  in  the  (U,u)  Hugoniot  by  ±20%  had 
virtually  no  effect  on  the  computed  pulse  gain.  The  flyer  rebound  momentum  changes  by  ±10%,  but  this 
change  was  canceled  by  a  corresponding  and  opposite  change  in  the  momentum  carried  by  the  ejecta 
from  the  target.  Changing  the  initial  value  of  the  Gruneisen  coefficient  by  100%  (from  0.5  to  1) 
increases  the  flyer  rebound  momentum  by  about  20%,  the  ejecta  momentum  by  10%,  and  the  impulse 
gain  by  4%.  Thus  a  very  weak  dependence  of  impulse  gain  on  the  Gruneisen  coefficient  is  observed. 
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Figure  8.  Calculated  momentum  of  the  ejecta  as  a  function  of  the  number  of  zones 
in  the  flyer.  (1-D  JOY  calculation,  0.2mm  Kapton  flyer  on  aluminum  at 
10  km/s  normal  incidence). 


Turning  to  zoning  requirements,  one  first  notes  that  accurate  modeling  of  the  shock  as  it  moves  through 
the  target  preludes  varying  the  zone  size  along  any  direction  in  the  calculation.  Linear  changes  in  the 
zone  dimension  produce  spurious  reflections  if  they  are  large  enough  to  have  an  appreciable  efTert  on  the 
computational  burden.  Logarithmic  changes  do  not  faithfully  preserve  the  shock  profile.  The  flyer 
thickness  needs  to  include  enough  zones  to  provide  an  adequate  representation  of  the  shock  produced  by 
the  flyer  impact.  The  normal  impact  of  a  0.02cm  thick  Kapton  flyer  on  aluminum  was  modeled  and  the 
number  of  zones  was  varied.  The  total  momentum  of  the  ejecta  from  the  target  as  a  function  of  zone 
thickness  is  shown  in  Figure  8.  It  is  clear  that  the  flyer  needs  to  be  at  least  3  zones  thick.  A  spuriously 
high  value  of  ejecta  momentum  is  obtained  if  the  flyer  is  less  than  a  zone  thick.  While  zone  dimensions 
greater  than  the  zone  thickness  may  seem  a  poor  choice,  such  calculations  have  been  presented  and 
should  not  be  taken  seriously  unless  it  can  be  demonstrated  that  the  zoning  is  adequate  to  represent  the 
problem  of  interest. 

The  experiments  modeled  in  3-D  used  a  0.03cm  thick  flyer  to  impact  a  4.4  x  4.4  x  2.5cm  aluminum 
target.  The  maximum  zone  dimension  in  the  direction  of  the  flyer  thickness  is  O.Olcm,  so  approximately 
400  zones  were  needed  to  cover  the  target  and  ejecta  region.  In  the  other  directions,  pracLcality  and 
computer  usage  considerations  prompt  the  use  of  0.1cm  resolution.  The  symmetries  of  the  problem 
allow  1/4  of  the  target  to  be  modeled  by  using  reflecting  boundaries.  This  implies  about  24  zones  in 
each  of  the  other  two  directions,  since  there  are  boundary  zones  assigned  by  the  code.  A  3-D  calculation 
involves  -200k  zones,  which  takes  300  minutes  of  Cray  YMP/8-128  time  to  run  the  problem  to  5 
microseconds  after  impact. 

Faille  of  the  target  material  is  modeled  to  occur  when  one  of  the  following  conditions  is  met:  When  the 
tension  is  greater  than  0.68  GPa,  the  density  is  less  than  10%  of  the  initial  density,  or  the  effective  plastic 
strain  exceeds  a  critical  value,  epscrit.  The  first  condition  is  the  well-known  spall  strength  of  6061 -T6 
aluminum.  The  density  condition  is  the  one  used  in  the  cquation-of-.statc  (EOS).  Changing  the  density 
condition  by  50%  has  a  negligible  effect  on  the  results.  The  value  chosen  for  epscrit  has  negligible 
effect  on  the  calculated  impulse  gain,  but  docs  influence  the  calculated  ejecta  mass. 
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Comparison  of  3-D  CalculaHonal  Results  With  Data: 

A  full  3-D  calculation  was  run  of  a  0.030cm  thick,  1.6cm  square  Kapton  flyer  impacting  a  4.4  x  4.4  x 
2.5cm  aluminum  target  at  10  km/s.  The  experimentally  measured  quantities  were  target  momentum  after 
it  moves  as  a  rigid  body  and  mass  loss  from  the  target.  In  addition,  the  shape  of  the  crater  left  by  the 
flyer  impact  was  measured.  In  the  calculation,  the  flyer  breaks  up  after  impact,  but  rebounds  with  a 
momentum  about  0.3  of  the  incident  momentum.  Mass  ejection  causes  the  target  momentum  to  increase, 
reaching  a  steady  value  of  about  3  microseconds  after  impact,  as  shown  in  Figure  9.  At  3  microseconds 
the  calculated  impulse  gain  is  2.7.  It  is  difficult  to  calculate  target  mass  loss,  because  much  of  the  failed 
material  is  surrounded  by  non-failed  material,  corresponding  to  the  cracks  and  voids  observed  in 
sectioned,  recovered  targets.  In  the  calculations  and  the  experiments,  the  crater  depth  did  not  exceed 
0.5cm.  Taking  epscrit  =  0-3,  the  mass  of  aluminum  which  failed  in  the  first  0.5cm  of  the  target  was 
about  15  times  the  flyer  mass. 

Early  experiments  gave  large  values  of  impulse  gain,  but  after  adjustments  to  mitigate  magnetic  effects, 
the  experimental  values  for  the  conditions  modeled  were  in  the  range  2.5-3.  Experimental  mass  loss  was 
1 3  times  the  flyer  mass.  The  level  of  agreement  between  calculations  and  the  data  is  heartening. 
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Figure  9.  Target  momentum  as  a  funcUon  of  time  in  the  direction  of  the 
incident  momentum. 


The  last  compari.son  between  the  3-D  calculations  and  data  is  the  impact  crater  profile.  In  JOY  there  is 
an  easy  way  to  determine  the  boundary  between  failed  and  unfailcd  material,  since  the  effective  plastic 
strain  is  set  to  zero  after  the  material  fails.  Figure  10  is  a  i^ioiograph  of  the  target  sectioned  through  its 
center.  The  slight  asymmetry  of  the  measured  crater  is  removed  by  averaging  the  profile  about  the  plane 
of  symmetry,  allowing  the  compari.son  between  the  calculated  and  measured  profiles  shown  in  Figure 
1 1 .  The  calculated  crated  is  deeper  near  the  edge  of  the  flyer  impact  boundary,  which  is  no*  obvious  in 
the  measured  profile  shown  in  Figure  16,  but  the  agreement  is  generally  quite  good. 
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Comparison  of  3-D  and  I-D  Calculations: 

Now  that  the  calculations  have  been  shown  to  be  in  good  agreement  with  the  data,  they  can  be  used  to 
relate  the  3-D  experimental  situation  to  the  1-D  case  of  interest.  The  comparison  is  straight-forward,  but 
some  care  needs  to  be  taken  since  the  spall-suppression  holes  cannot  be  modeled  in  1-D.  For  a  2.5cm 
thick  target,  the  shock  has  not  reached  the  rear  at  3  microseconds,  so  spall  is  not  an  issue,  and  1-D  and  3- 
D  calculations  give  the  same  flyer  rebound  momentum  (0.3).  The  target  ejecta  momentum  is  much 
lower  for  the  I-D  case  and  the  calculated  impulse  gain  is  ~1.6,  compared  to  -2.7  for  the  3-D  calculation. 
This  is  an  interesting  result  which  suggests  that  there  is  a  significant  edge  effect  in  the  3-D  calculations. 
An  edge  effect  is  obvious  in  the  flyer  impact  craters,  and  the  -2.7  impulse  gain  agrees  quite  well  with  the 
measured  gains  in  the  ballistic  experiments  at  10  km/s. 


Pressure  Profile  Calculations: 


The  difference  between  the  1-D  and  3-D  results  can  be  better  understood  if  we  compare  the  1-D 
calculations  with  1-D  experiments  using  the  LiF  technique,  discussed  above.  Impulse  gains  measured 
with  the  1-D  technique  are  in  excellent  agreement  with  the  1-D  calculational  results  (see  Figure  6).  The 
JOY  code  was  used  to  calculate  prc.ssurc  ,  rofilcs  at  the  aluminumA-iF  interface  in  the  LiF-technique 
experiments.  Very  fine  zoning  was  needed  to  capture  the  peak  of  the  proFile.  A  zone  thickness  of  10 
microns  was  used.  Propagation  of  shocks  in  hydrocodes  requires  the  use  of  artificial  viscosity.  The  JOY 
default  values  were  used:  no  linear  term  and  a  coefficient  of  2  for  the  quadratic  term.  Experimental  and 
calculated  pressure  profiles  at  a  depth  of  1mm  in  aluminum  impacted  by  a  0.2mm  thick  Mylar  flyer  are 
shown  in  Figure  12  for  a  flyer  velocity  of  9  km/s. 


Comparison  of  Calculated  and  Measured  Pressure  Profiles: 

The  integrals  of  the  pressure  profiles,  which  reprc.scnt  the  target  impulse,  were  also  computed.  The  data 
shown  in  Figure  12  represents  the  best  agreement  between  calculated  and  experimental  results.  For  all 
of  the  shots,  the  measured  impulses  were  w  ithin  1H%  of  the  calculated  values,  while  the  differences  in 
peak  pressure  were  somewhat  larger.  Table  11  lists  peak  pressures,  impulses  and  impulse  gains. 


Solid  liner.:  calculation 
\  Dashed  lines:  measurement 


Time  I  usec  i 


Figure  12. 


Pressure-time  profile  and  impulse  (integral  of  pressure-tmie)  at  1mm 
depth  in  aluminum  noimally  impacted  bv  a  0.2mm  Mylar  Oyer  at  9,0  km/s. 
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TABLE  II. 

Comparison  of  measured  and  calculated  peak  pressure,  impulse  and  impulse  gain. 
Type  1  flyers  were  0.2mm  thick  Mylar,  Type  2  flyers  were  OJmm  thick  Kapton. 


MEASURED 


Type 

VEI. 

pk.  Press 

Imp. 

(km/s) 

(GPa) 

(kTap) 

1 

5.5 

23 

19 

1 

9 

67 

35 

1 

10.4 

96 

48 

2 

6.3 

39 

31 

2 

8.5 

65 

47 

2 

10.2 

79 

52 

CALCULATED 


Gain 

Pk.  Press. 

Imp. 

Gain 

(GPa) 

(kTap) 

1.2 

41 

19 

1.2 

1.4 

68 

34 

1.4 

1.7 

80 

41 

1.4 

1.2 

53 

34 

1.3 

1.3 

81 

48 

1.3 

1.2 

108 

59 

1.4 

There  may  be  evidence  for  a  systematic  trend,  the  measured  gains  for  the  Mylar  flyers  are  all  equal  to,  or 
higher  than,  the  calculated  ones  -  the  reverse  is  true  for  the  Kapton  flyers.  Differences  between 
calculations  and  measurements  may  be  due  to  several  factors.  On  the  calculational  side,  there  may  be 
physics  processes  not  included  in  the  code.  On  the  experimental  side  there  are  uncertainties  in 
measurement  of  the  sharply  spiked  pressure  profile,  flyer  velocity,  and  deviations  from  flatness  in  the 
impact  Calculations  show  that  if  there  is  a  signiFicant  bulge  in  the  flyer  at  impact  near  the  measurement 
point  (laser  spot),  significant  deviation  in  peak  pressure  and  impulse  may  be  measured,  relative  to  a  flat 
impact.  This,  along  with  velocity  calibration  errors,  are  the  most  significant  sources  of  experimental 
error,  as  reflected  by  differences  between  calculated  and  measured  values  in  Table  II. 


CONCLUSIONS 


At  impact  velocities  up  to  10  km/s,  impulse  gain  for  Mylar  and  Kapton  flyers  is  consistent  with 
predictions  of  simple  theories  for  the  rebound  of  the  flyer  and  with  hydrocode  calculations.  The  rise  in 
impulse  gain  at  10  km/s  we  observed  using  the  ballistic  technique  is  probably  due  to  edge  effects  in  the 
3-D  interaction  between  the  flyer  and  target.  Targets  recovery  showed  that  a  0.2mm  Mylar  flyer  moving 
at  10  km/s  causes  almost  total  failure  of  a  3mm  thick  aluminum  target.  The  impact  melts  the  aluminum 
to  a  depth  of  I  mm  or  greater,  produces  spall  from  the  back,  and  the  remaining  material  fails  at  the  edges 
of  the  impact  region. 
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ABSlRACr 

We  propose  a  concept  in  order  to  produce  very  fast  metallic  jets  (which  speed  could  exceed  20  km/s).  It  uses  the  detonation  wave  ol 
an  explosive  cylinder  to  initiate  a  high  compression  on  the  rear  face  of  a  metallic  target ;  the  jet  is  created  on  the  front  surface,  in  a 
cylindrical  cavity.  Many  experiments  were  ixtrformed,  in  which  we  tested  different  metals  and  various  geometries  of  cavity. 
Nurrtcrical  ctilculations  with  PLEXUS  (finite  element  2D  or  3D  ccxlc)  and  CEL  (Finite  difference  2D  code)  were  used  to  understand  die 
phenomenology  of  the  creation  and  propagation  of  these  jets  ;  the  correlation  with  the  experimental  results  (about  the  shaiie  of  the 
tcLs  and  their  speed)  is  good. 

//re  exiH'rimenlai  drvicf  described  in  ibis  paper  was  patented  (patent  n^90  II6S4  -  091261 1990) 


IN'reODUCTION 

In  a  classical  shaped  charge  with  a  metallic  liner,  the  velocity  of  the  jet  cannot  exceed  a  limit  (Dcfoumcau,  1970,  Walter  and  Zukas. 
19X9)  which  is  proportional  to  the  sound  speed  of  the  liner  material.  For  instance,  the  maximum  velocity  of  an  aluminum  jet  is 
about  1 3  km/s ;  for  a  copiKr  jet,  it  is  10  km/s.  Therefore,  an  improvement  of  these  performances  requires  other  charges  concepts. 

In  this  study,  we  propose  a  device  to  generate  very  fast  jets,  which  velocity  could  sometimes  exceed  20  km/s.  The  principle  of 
operations,  previously  mentioned  by  Asay  et  al.  0976)  consists  in  transmitting  a  shock  wave  to  a  metallic  target  in  which  a 
cylindrical  cavity  is  bored,  so  that  we  combine  two  effects  ;  the  increase  of  velocity  in  the  material  at  the  bottom  of  tltc  cavity  and 
the  implosion  of  tliis  cavity. 

In  a  first  section,  we  describe  the  experimental  facility  and  the  main  results  obtained  with  it  ;  afterwards,  we  present  a  numerical 
study,  which  purposes  arc  a  correlation  with  the  experiments,  the  understanding  of  the  mechanisms  of  jet  creation  and  the 
opiimixalion  of  these  jets, 


EXPERIMENTS 


i  he  experimental  deviee 

T  he  experimental  device  we  use  to  generate  fast  jets  (fig.  I)  is  compo.scd  of  an  explosive  cylinder  (diameter  120  mm,  height  1.50 
mm),  w  here  a  plane  detonation  wave  is  initiated.  In  a  first  configuration  (fig.  l  a),  this  wave  transmits  a  .sluKk  to  a  diin  copper  plate, 
which  is  projected  upon  a  metallic  target  (thickness  c)  with  a  cylindrical  cavity  characterised  by  its  diameter  D,  iLs  depth  h  .and  the 
radius  of  curvature  at  the  Ixittom  r  (equal  to  D/2  for  an  hemispherical  bottom).  'Tltc  jet  is  obtained  w  hen  the  compression  wasc  due  to 
impact  reaches  die  bottom  of  the  cavity.  Another  cxiicrimcntal  configut.ation  (fig.  1-b)  consists  in  using  directly  the  detonation  of  die 
explosive  cylinder  to  prtxluce  a  shock  wave  in  die  target. 

1  he  jets  arc  viztialised  by  using  high  speed  cinematography,  with  argon  flashes  pul  close  lo  the  jet.  Dimensional  markers  arc  located 
on  the  front  side  of  the  flashes,  in  order  to  measure  the  jet  velocity. 


f-  xperimental  results 


About  3(1  shots  were  ixitfotmcd  with  different  target  in.afcrmk  (copper,  aluminum  alloy  2024,  uranium  alloy)  and  various  cavity 
geometties  tdiameter  I)  between  It)  and  80  mm,  depth  h  between  3  and  90  mm.  radius  of  curvature  r  between  D/2  and  =0). 


i 


1  he  K'Ls  were  very  fasi.  and  vchKiiy  incrciiscd  as  r  decreased.  For  insuincc  in  an  aluminum  target  with  an  hemispherical  bt>liom  (D  70 
nun.  h  20  mm.  r  10  mm),  (he  maximum  speed  of  the  jet  was  9.7  km/.s  ;  with  a  "Oat"  bottom  (D  20  mm.  h  20  mm.  r  I  mm),  it  wa.s 

2  \  ^  kin/s  (figure  2).  With  a  copper  Uirgcl.  similar  effects  were  obtained,  although  the  jet  velocities  were  smaller  :  in  a  cavity  1) 

mrn.  h  ^0  mm.  we  measured  ^  km/s  w  ith  an  hemispherical  and  15.5  km/s  with  r  =  3  mm. 

I  iirihermorc.  we  noticed  a  large  difference  in  the  shajv  of  these  jets,  according  to  the  geometry  of  the  cavity  (fig.  2).  The  jcLs  created 
in  cas  dies  w  i(h  hcmisphcfical  bottom  (fig.  2  a)  were  relatively  U»i(k  and  generally  lopped  by  a  proliihcrancc  (more  visible  w  iih  2024 
/\l  le  ts).  On  the  contrary,  w  ith  flat  bottom  cavities”  (fig  2-b  and  2  c),  we  observed  three  different  rones  in  the  jets  :  a  thick  anti 
relatively  shiw'  backward  part,  very  similar  to  the  (els  obtained  in  hemispherical  br)iiom  cavities,  a  larger  proiuboram  e  in  the  middle 
.ind.  WTorc  it.  a  dim  dart,  which  make  up  the  high  speed  paM  of  the  jet. 
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Crcaiion  and  simulation  ot  very  fast  jets 


The  coherence  of  llicse  jets  seems  lo  be  quite  good,  since  (hey  arc  able  to  induce  significant  damages  at  long  dislances.  For  instance, 
an  aluminum  jet  (cavity  D  20  mm,  h  20  mm,  r  5  mm)  can  perforate  80  mm  of  steel  at  a  distance  of  400  mm  ;  a  copper  jet  (cavity  D 
50  mm,  h  40  mm,  r  20  mm)  go  through  400  mm  of  high  strength  steel  at  500  mm. 

NUMERICAL  CORRELATIONS 


Numerical  codes 

A  correct  simulation  of  thc.se  experimental  results  requires  numerical  codes  with  appropriate  equations  of  slate  and  dynamic  behaviour 
laws  ;  a  purely  hydrodynamic  mode!  seems  correct  lo  describe  the  actual  jet  (where  temperature  is  sufficiently  high  to  obtain  melting 
and,  .sometimes,  partly  vaporization),  but  not  the  periphery  of  the  cavity,  which  is  mostly  solid,  and  where  elastoplasticity  must  be 
taken  into  account. 

Two  crxles  were  used  in  this  study  ;  PLEXUS  and  CEL  (Leyrat  et  a!.,  1991). 

PLEXUS  is  a  finite  element  2D  or  3D  ctxle,  with  an  explicit  time-algorithm.  Consequently,  it  is  appropriate  for  solving  mechanical 
problems  at  high  strain  rate,  and  with  large  deformations.  In  this  crxle,  we  can  use  the  Wilkins  equation  of  state,  a  2-phascs  EOS 
with  a  Mic-Grunci.scn  formulation  in  compression,  and  a  Puff  one  in  tension  : 

p>po:  P  =  Kji-F  Dji2-E  Su^-F  TpE  (i) 

p<Po:  P  =  p[H-f{r-H)  vrr]  E-E.|l-exp^l(l-l)j  (2) 

P  is  the  hydrostatic  pressure,  p  the  density,  E  the  energy  per  unit  ma.ss  ;  p  and  q  characterize  the  "compression"  of  the  material  (q  = 
p/pO  ,  p  =  q  -  1).  r  is  the  Griincisen  ratio,  K  the  bulk  modulus,  D  and  S  are  the  quadratic  and  cubic  coefficients  of  the  polynomial 
development  of  P  ;  Es  is  the  vaporization  enthalpy  ;  H  =  y-  I,  with  y :  polytropic  coefficient  of  gas. 

Various  behaviour  laws  are  available  in  PLEXUS.  For  metals,  we  use  the  classical  SCG  mcxlel  developed  by  Steinberg  et  al. 
( 1 980),  which  takes  into  account  the  variation  of  the  .shear  mcxlulus  G  and  of  the  flow  stress  Y  with  temperature,  hydrostatic  pressure 
and  equivalent  plastic  strain  Cp  : 

G  =  GpEj-^j  +  Go[Gp4T-  300)+ 1]  (3) 

Y  =  (p,  +  pepf  jYo(l  +  GpThiT  -  300))  +  YpEj-^j  (4) 

with:  (Pl  Pep)  — Ymax 

This  model  is  available  until  the  "actual"  melting  temperature  Tfm  defined  with  a  Lindemann  law : 


Trm  =  T„3i2(Yo‘.-'/3)exp|2a(l  - 1' 


Tm  is  the  melting  temperature  for  p  =  po  ;  at  higher  temperatures,  calculations  arc  performed  in  hydrrxiynamic  conditions.  The  1 1 
parameters  of  the  SCG  model  were  determined  from  high  strain  rale  experiments,  especially  Taylor  tests  (Steinberg  ei  al..  1980, 
Gust,  1982). 

The  finite  differences  2D  crxle  CEL  has  a  mixed  Eulcrian  and  Lagrangian  scheme.  Different  EOS  can  be  used  for  jet  simulations  :  the 
Wilkins  equation  above  mentioned,  mulliphasis  EOS  or  Sesame  EOS.  Moreover,  it  is  possible  to  use  the  SCG  mrxJcl,  with  the 
same  formulation  as  in  PLEXUS. 

The  results  obtained  with  these  2  crxles  arc  very  similar.  For  instance,  with  a  2024  Al  target  D  20  mm,  h  20  mm,  r  1  mm,  the 
maximum  jet  velocity  is  21  km/s  if  calculated  with  PLEXUS,  and  23  km/s  with  CEL  (with  Eulcrian  or  Lagrangian  mesh).  For  a 
copper  target  D  30  mm,  h  30  mm,  r  3  mm,  we  found  13  km/s  with  PLEXUS  and  13.5  km/s  with  CEL. 


Correlation  with  experimental  data 

The  thawings  of  the  distorted  meshes  at  different  times  (figure  3  and  4)  correlate  well  to  the  photographs  of  fig.  2,  .and  especially  the 
rliffcrcncc  upon  the  shape  of  jets  created  in  cavities  with  hcmis-phcrical  or  flat  bottom. 

Table  I  summarizes  the  comparison  between  experiments  and  calculations  uptxi  the  maximum  jet  speed  ;  the  correlation  seems  quite 
grxxl.  However,  the  numerical  values  slightly  undcresumate  the  experimental  vcltxrilics  for  copper  targets,  and  overestimate  them  for 
2024  Al.  In  point  of  fact,  the  most  important  discrepancies  (10  to  20%)  arc  always  observed  for  experimental  configuration  as 
described  in  fig.  I  -b  :  in  this  ease,  the  initial  condition  in  target  (a  pressure  versus  lime  transmitted  at  the  rear  surface)  is  not  so  well 
known  as  for  fig.  I  -a  configuration  (where  the  vcltKity  of  the  llying  plate  can  he  accurately  mesured). 

3  herefore,  we  might  consider  that  the  numerical  simulations  correctly  describe  the  experimental  results,  and  we  tried  to  specify  the 
mechanism  of  the  jet  creation  through  a  phenomenological  study  presented  as  follows. 
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Tabic  1 .  Corrclalion  between  cxpcrimcnls  and  calculations 

(calculations  were  performed  with  CEL  *  or  PLEXUS  **) 


T,vgcl  mail 

c  (mm) 

D  (mm) 

h  (mm) 

r(mm) 

V  exp  (km/s) 

Vcalc  (km/s) 

2024  A1 

30 

20 

20 

1 

21.5 

23*,  21** 

30 

20 

20 

5 

20 

20*.  18** 

30 

20 

20 

10 

9,7 

1 1,6* 

37.5 

30 

30 

15 

9.3 

11.6* 

Copper 

30 

20 

20 

1 

19 

15.5* 

30 

20 

20 

5 

14.5 

12** 

40 

30 

30 

3 

15.5 

13.5*, 13** 

40 

30 

30 

15 

5.3 

5* 

PHENOMENOLOGICAL  STUDY 

VVe  studied  with  CEL  the  jet  creation  in  2024AI  targets  (e  33  mm.  D  20  mm,  h  20mm,  r  10  or  I  mm);  the  initial  condition  is  here  a 
calibrated  pressure  curve  P(t)  on  the  rear  surface  of  the  target  (maximum  pressure  ;  423  kilobars).  We  visualized  the  phenomenon 
with  isobar  drawings  until  5  ps  (fig.  5)  and  velocities  curves  vs  time  for  different  points  of  the  cavity  (fig.  6).  It  is  not  possible  to 
simulate  the  whole  extension  of  the  jets  (because  of  mesh  di.stortions  in  Lagrangian  simulations,  and  of  too  long  compulation  limes 
in  Eulcrian  ones).  So,  we  limited  the  jet  propagation  study  at  20  ps. 


Cavity  with  hemispherical  bottom  (r  =  10  mm) 

The  plane  shock  wave  due  to  the  detonation  of  explosive  go  through  the  plate  at  the  sound  velocity  of  aluminum  (=  5  to  6  km/s)  ; 
the  pressure  intensity  is  about  5(K)  kilobars.  At  1.7  ps.  the  shock  wave  reaches  the  bottom  of  the  cavity  on  the  axis,  which  begins  to 
move  forward  (velocity  =  4  km/s).  A  release  goes  back  to  the  rear  surface,  and  diminishes  the  pressure. 

Near  the  axis,  the  shock  wave  has  still  not  reached  the  free  surface  of  the  cavity  ;  this  zone  is  in  compression,  and  tends  to  release  in 
the  direction  of  the  axis,  where  pressure  is  lower.  A  shaped  charge  effect  is  produced,  with  two  consequences : 

-  the  velocities  of  the  points  out  of  the  axis  have  a  ccnuipctal  component ; 

-  thus,  there  is  an  accumulation  of  matter  on  the  axis,  which  tends  to  reduce  the  intensity  of  the  release  and  to  increase  the  jet 
velocity. 

The  phenomenon  expands  step  by  step  ;  as  soon  as  the  points  of  the  free  surface  arc  reached  by  the  shock  wave,  they  are  ejected 
forward  and  toward  the  axis.  At  2  ps,  the  hemispherical  part  of  the  cavity  is  entirely  in  motion,  and,  at  4  ps,  the  whole  plate  is 
reached  by  the  initial  shock. 

Therefore,  the  jet  velocity  (very  homcgcncous)  uniformly  increases  until  5  ps  ;  its  maximum  is  then  9  to  10  km/s.  The  jet  is  dense 
(p  =  3  g/cm3  in  the  front  part,  3.5  g/cm3  in  the  rear  part)  and  partly  liquid. 

At  5  ps.  this  "implosion"  is  over.  The  velocities  in  jet  have  no  more  ccnuipctal  component  ;  we  even  observe  a  ccnuifugal 
movement  at  the  periphery  and  in  the  front  part  of  the  jet,  due  to  the  rebound  of  the  matter  upon  the  jet  axis,  which  is  denser  ;  this 
explains  the  protuberance  visualized  both  in  experiments  and  calculations. 

After  5  ps,  the  jet  is  progre.s.sivciy  extending.  Its  velocity  and  diameter  remain  constant  (vmax  =  10  km/s,  <1>  =  8  mm  in  the  thinner 
part),  while  the  protuberance  becomes  larger  (<t>  =  10  mm  at  9  ps.  <l>  =  24  mm  at  20  ps).  The  jet.  which  homogeneity  diminishes,  is 
schematically  composed  of  two  parts  (fig.  7) : 

-  a  central  liquid  core,  very  coherent  and  at  nearly  nominal  density  (p  =  2.5  g/cm3)  ;  its  diameter  is  about  3  mm.  and  it  is 
composed  of  matter  initially  near  the  axis  of  the  plate  ; 

-  a  peripheral  sheath,  very  heterogeneous,  which  density  progressively  decreases  from  the  jet  base  (where  it  is  of  the  same  order 
as  on  the  axis)  to  the  protuberance  (  =  0.5  g/cm3  at  20  ps). 


Cavity. with  flat  bottom  (r  =  I  mm) 

As  for  previous  configuration,  the  shock  wave  reaches  the  bottom  of  the  cavity  at  1 .7  ps,  but  here,  the  whole  'flat"  part  of  the  cavity 
moves  forward,  and  the  reflected  release  is  almost  one-dimensional,  except  near  the  "curved"  zone,  where  the  shaped  charge  effect 
appears.  In  tliis  zone,  we  observe  roughly  the  same  phenomena  as  for  an  hemispherical  bottom  :  first,  a  rapid  increase  of  velocity  (4 
km/s),  then  a  progressive  acceleration.  However,  the  concenuation  of  matter  is  obtained  on  a  circular  crown,  so  that  a  "torus"  jet  is 
induced  (p  *  2.2  g/cm3,  longitudinal  velocity  =  6  km/s). 

Near  the  axis,  since  the  release  is  not  immediately  disturbed  by  the  .shaped  charge  effect,  the  pressure  decays  to  zero,  and  the  velocity 
remains  unchanged  (4  km/s).  Afterwards,  the  ventripelal  compiossion  wave  (initiated  at  the  periphery  of  the  cavity,  and  due  to  the 
release  of  the  side  zone  of  the  plate)  is  focused  at  3.6  ps  ;  the  pressure  and  the  density  increase  then  rapidly  and  highly  (P  >  400  kbar, 
p  >  4  g/cm^),  and  an  axial  jet  appears  (velocity  =  8  km/s). 

Meanw  hile,  the  torus  jet  lends  to  converge  on  the  axi.s,  because  of  the  centripetal  component  of  veltKily.  At  4.6  ps,  ius  implosion  is 
sufficient  to  confine  the  axial  jet,  later  but  faster :  the  convergence  of  these  two  jets  gives  rise  to  an  hyperfast  jet.  composed  of  the 
front  part  of  the  axial  jet.  and  the  '.incr  |)arl  of  the  torus  jet.  The  vcItKity  increases  highly  (21  km/s),  and  die  m.aximum  tcmpcraiiire 
(>  .3(XX)  "C)  is  sufficient  to  partly  vaporized  the  jet. 
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1  he  external  part  of  the  torus  jet  rebounds  upon  the  dense  layers  of  the  axis,  and  creates  a  large  protuberance,  while  the  back  part  of 
llic  axial  jcl  (which  is  behind  die  focused  zone)  is  nol  so  much  aecelcralcd  ;  this  explains  the  three  part-shape  of  the  jet  ("slow"  jet  - 
protulx'rance  -  hyperfast  jet)  observed  in  experiments. 

I  he  propagation  of  these  three  zones  is  very  different  (fig.  7) : 

-  the  slow  jet  is  very  similar  to  those  obtained  with  "hcmi.spherical  bottom  cavities",  although  the  central  core  and  the 
peripheral  sheath  are  here  separated  by  a  thin  very  hot  zone,  which  appe.vs  when  the  axial  and  torus  jets  converge.  The  core  is 
rather  dense,  and  its  very  homogeneous  speed  tends  to  increase  .slightly  (8  km/s  at  9  ps,  1 1  km/s  at  20  ps) :  this  is  due  pardy 
to  the  good  confining  by  the  peripheral  zone,  and  to  an''entrainmenl''  of  the  hyperfast  jet. 

-  the  protuberance  expands  more  rapidly  than  in  hemispherical  bottom  configurations,  because  of  the  release  of  the  hottest  zone 
(<b  =  l.S  mm  at  9  ps,  <I>  =  80  mm  at  20  ps). 

-  the  hyperfast  jet  is  composed  of  a  central  thin  dart  (<t>  =  I  mm),  liquid  and  relatively  dense  (p  =  2  g/cm^),  and  of  a  gaseous 
very  hot  zone  (T  >  .^(XK)  "C,  p  <  0.1  g/cm^)  which  diameter  increases  (<1>  =  10  mm  at  9  ps.  <I>  >  (SO  mm  at  20  ps)  ;  because 
of  its  low  density,  this  "cloud"  cannot  be  observed  in  experiments.  The  velocities  in  the  dart  become  more  and  more 
homogeneous  ;  Ihe  maximum  speed  at  the  lip  decreases  (21  km/s  at  5  ps,  16  km/s  at  20  p.s  ;  this  decrease  is  probably 
overevaluated  with  a  Lagrangian  mesh),  w  hile  a  slight  acceleration  is  visible  near  the  protuberance  (10  km/s  at  5  p.s,  12  km/s 
at  20  ps). 

The  main  [Xiincs  of  compari.son  between  the  two  types  of  jets  are  summarized  on  tables  2  (jet  creation)  and  3  (jet  composition). 


Table  2.  Jet  creation  -  comparison  between  cavities  with  hemispherical  or  flat  bottom 


tfcmisphcrical  boiiom 

D  20  mm.  h  20  mm  r  tO  mm 

Flat  bottom 

D  20  mm,  h  20  mm  r  1  mm 

Jet  creation 

1)  Initial  velocity  due  to  shock  wave 
on  the  axis 

t  =  1 .7  ps  ->  v  =  4  km/s 

2)  Progressive  increase  of  velocity  at  periphery 
->  shaped  charge  effect ; 

^  concentration  of  matter  on  the  axis  ; 

-r  Progressive  increase  of  v  : 
t  =  1 .7  to  1  ps  -»  V  =  9  km/s 

1)  Initial  velocity  due  to  shock  wave 
on  the  "flat"  part : 
t  =  1 .7  ps  ->  V  =  4  km/s 
;  2)  Shaped  charge  effect  in  the  "curved"  zone  : 

->  torus  jet  V  =  6  km/s  ; 

-»  centripetal  compression  wave  focused 
on  the  axis  at  3.6  ps  : 

-»  axial  jet  V  =  8  km/s  ; 

3)  Convergence  of  the  2  jets : 
t  =  4.3  ps  ->  V  =  21  km/s 

Velocity 
after  5  )i.s 

9  to  10  km/s 
very  homogeneous 

21  km/s  (hyperfasl  jet) 

10  km/s  ("slow"  jcl) 

Density  at  1  ps 

2.8  to  3..1  g/cm^ 

0.8  to  3.1  g/cm^ 

Temp,  at  1  ps 

200  to  1.3(X) 

400  to  >  3000  T 

1  able  3.  Jet  composition  -  comparison  between  cavities  with  hemispherical  or  flat  bottom 

Hemispherical  bottom 

D  20  mm,  h  20  mm  r  10  mm 

Flat  bottom 

D  20  mm.  h  20  mm  r  1  mm 

Back  p;irt 

1)  Constant  vcItKity  at  all  points 
and  vs  time 

V  =  9  to  10  km/s 

2)  Constant  <I>  =  8  mm 

1)  Constant  velocity  at  all  points 
slightly  increasing  vs  time  : 

V  =  8  km/s  at  9  ps,  11  km/s  at  20  ps 

2)  <I>  diminishes  vs  time  : 

<b  =  8  mm  at  9  ps,  7  mm  at  20  ps 

.^)  Central  litjtiki  core  ;  3  mm  p  2.5  g/cm-^ 

+  Heterogeneous  peripheral  zone 

3)  Same  composition  as  opposite 
+  very  hot  layer  between  core  and  periphery 

I’roiulx' ranee 

1)  Const.int  vclixity 

V  =  9  km/s 

2)  d>  increases  vs  time  : 

d>  =  10  mm  at  9  ps,  24  mm  at  20  ps 

3)  Very  heterogeneous  zone 

1)  Roughly  constant  velocity 

V  =  10  km/s 

2)  d>  highly  increases  vs  time  : 

d*  =  11  mm  at  9  ps,  80  mm  at  20  ps 

3)  Very  heterogeneous  zone 

Ilypcrfast  part 
of  the  jet 

non-existent 

1)  more  and  more  homogeneous 
velocities  21  km/s 

V|im  -  1-1  km/s 

2)  Central  liquid  dart  <b  1  mm  p  2  .1  g/cm^ 
+  Gaseous  peripheral  zone  p  <  0. 1  g/cm^ 
<l>  rapidly  increases  : 

10  mm  .at  9  ps.  >  60  mm  at  20  ps 


('rcjtioii  ai)<J  siiiiula  ion  ol  vcin  Iasi  ]cl 


OPI  IMIZATION  OF  JHl  PFRFORMANCF.S 


Evaliuuion  of  jei  penetroiion 

The  pciformance  of  a  given  jet  can  he  defined  as  iis  peiieiralion  ability  in  a  thick  plate,  i.e.  with  two  parameters  :  the  penetration 
depth  K,  and  the  crater  volume  it.  Various  models  were  built  up  to  evaluate  the  influence  of  the  characteristics  of  an  homo¬ 
geneous,  cylindrical  jet  ofyniTorin  vcigeily.  'li'C  simplest  one  is  a  purely  hydrodynamic  model  (Birkhoff,  1948),  Other  authors 
(Szendrei,  1983)  trxik  into  account  various  effects  (clastoplasticity  in  die  plate,  crushing  of  the  jet  upon  the  plate  )  The  main  result 
of  all  these  models  is  : 

-  a  varialion  of  i  as  fi  =  L  /p^,  where  L  and  p  are  the  length  and  density  of  the  jet ; 

-  a  variation  of  0  as  the  kinetic  energy  in  the  jet  Tx  =  l).5  V  p  v^  (V  :  jet  volume,  v  :  jet  vchxrity). 


In  the  case  of  the  "real"  jets  obtained  in  our  experiments,  let  us  neglect  the  effect  of  the  peripheral  heterogeneous  zones  ;  that 
amounts  to  saying  that  the  performances  of  these  jets  arc  due  to  their  "axial"  part  only  (liquid  core  with  hemispherical  bottom 
cavities,  core  +  hypcrfa.st  dart  with  flat  bottom  cavities).  Then,  the  above  conclusions  are  .still  valid,  and  we  may  estimate  the 
penetration  power  for  the  two  types  of  jets  with  parameters  11  and  E^. 

Since  it  is  not  possible  to  simulate  numerically  the  total  extension  of  the  jets,  we  cannot  estimate  directly  H  and  Ec  when  the  jets 
arc  completely  shaped.  Nevertheless,  the  results  obtained  at  20  ps  (table  4)  arc  sufficient  to  compare  the  joes  canacitics. 


Table  4.  Energetic  balance  in  2024  Al  jels  at  20  ps 

(♦  we  neglect  the  mass  of  the  gaseous  part  of  the  jet) 


Hemispherical  boiiom  cavity 
D  20  mm,  h  20  mm 

Flat  bottom  cavity 

D  20  mm,  h  20  mm.  r  1  mm 

Jet  length  (cm) 

9.2 

18.0  (dart:  10.2) 

Jet  vcltxity  (km/s) 

10.0 

dart :  16.0.  coie  :  12.0 

Jet  ma.ss  (g) 

2.8  (core :  0.6) 

2.5*  (dart :  0.15,  core  :  0,6) 

11  (g'^^cm'^^) 

core :  14.5 

dan  :  14.4,  core  :  12.3 

Kinetic  energy  (kJ) 

core :  30.0 

dart  :  20.0,  core  :  43.0 

We  observe  that  12  and  Ec  at  20  ps  are  about  two  times  higher  for  jets  created  in  flat  bottom  cavities  than  for  "classical  '  jets 
obtained  in  "equivalent "  hemispherical  bottom  cavities  (with  identical  thickness  e,  diameter  D  and  depth  h). 

Eurthermore,  if  we  admit : 

■  that  the  jet  remains  coherent  even  for  important  elongations  ; 

-  that  the  vekKity  distribution  docs  not  significantly  vary  during  the  jet  elongation  (this  assumption  is  valid  for  hemispherical 
bottom  cavities,  rougher  for  flat  bottom  cavities) ; 

■  that  the  mass  ratio  between  the  different  parts  of  the  jet  is  constant ; 

■  that  the  volume  of  plate  material  ejected  in  the  jet  is  limited,  as  for  shaped  charges,  by  the  cavity  volume  (here  =  fi  em3) ; 

we  can  estimate  a  '  theoretical"  maxintum  kinetic  energy  in  a  2024  Al  jet  with  a  cavity  D  20  mm  h  20  mm  :  2(K)  kj  with  an 

hemispherical  bottom,  .370  kJ  with  a  flat  bottom,  which  points  out  the  great  advantage  of  these  hj^perfasi  jcLs. 

Erom  these  results,  we  shall  now  numerically  cvalu.atc  the  influence  upon  the  jet  pcrfonnancc  of  the  initial  shock,  the  geometry  of 
the  cavity,  and  die  jet  material. 


Influence  of  the  initial  shack 

The  initial  conditions  -  a  pressure  curve  P(t)  -  can  be  schematically  described  by  a  pressure  peak  Pmax  and  a  "characteristic  duration", 
for  instance  the  time  T  during  which  P  >  O..")  Pmax- 

Einax  has  a  strong  influence  upon  the  jet  velocity.  However,  an  important  difference  exists  between  the  jets  created  in  cavities  w  ith 
hemispherical  and  flat  bottom,  as  shown  on  fig.  8  for  2024AI  jets  : 

-  for  hemipherical  bottom  cavities,  as  for  shaped  ch.irges,  the  maximum  jet  .speed  tends  towards  a  limit  of  12  km/s  :  tfiis 
limit  is  obuiined  for  a  pressure  peak  of  500  kiloKars  ; 

•  on  the  contrary,  for  flat  bottom  cavities,  there  is  no  saturation  effect  for  th'  hyperfast  dart  vekKity  (we  only  notice  a  more 
inqxirtant  decrease  vs  time  of  the  velcKity  for  very  high  initial  compressions).  Thus,  in  this  case,  it  is  theoretically  possible  to 
improve  without  limit  the  performance  of  the  jet  by  increasing  Pmax,  i-c.  the  cap.acity  of  the  explosive  launcher. 

As  for  the  parameter  T.  it  has  an  influence  upon  the  ejected  mass,  but  only  if  it  is  significantly  .smaller  than  the  time  necessary  for 
(he  shock  wave  to  go  through  the  target  tfiickness  ;  in  that  ease,  the  release  reflected  at  the  bottom  of  the  cavity  w  ill  inilucc  tensions, 
which  w  ill  disturb  (he  jet  creation.  For  higher  values  of  t.  its  influence  is  negligible. 


Influence  of  the  yeamelry  of  the  cavity 

1  he  influence  upon  the  jet  vckx  ily  v  of  diameter  17.  depth  h  and  radius  of  curvature  r  of  the  cavity  arc  summ.arizcd  on  fig  9. 


Diameter  D  :  all  other  parameters  being  unchanged,  when  D  increases,  the  duration  of  the  torus  jet  implosion  increases  ;  thus,  the 
mass  of  this  part  of  the  jet  is  higher,  and  will  better  confine  the  axial  jet.  Consequently,  the  jet  velocity  v,  and  also  the  jet  mass, 
grow  w  ith  D.  However,  a  l.argc  increase  of  I)  implies  an  increase  of  all  target  dimensions,  especially  its  diameter,  in  order  to  avoid  a 
possible  disturbance  of  the  jet  implosion  by  the  lateral  releases. 
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Ihl’di  h  'lio  i ;ilt  (ilalKiii'i  shiiw  flijl  llic  pDiiils  lociiril  ;il  ibc  t  ir(.iiiiilfri’mf  of  llic  c.'ivily  will  inlcjjrjK'  l)ic  slower  purl  of  ilie  let, 
niosily  III  ilie  perlplier;il  sheiilh  ;  Iherelorc,  a  variation  of  h  will  only  sliphlly  mollify  llic  ilarl  vcliK'ity,  c.xecpl  for  "nol  very  deep' 
eanlies,  i.e.  when  h  <  I). 

A'li./iio  of  I  Ilf  vailin’  r  :  lor  piven  values  of  I)  and  h,  il  r  diininishcs.  the  centripetal  compression  wave  has  a  sleeper  Ironi  (lor  r  =  d  it 
IS  a  siepi  ;  at  die  fiKali/alion,  the  iinreasc  of  pressure  and.  eonscqiiently,  the  axial  jet  speed,  will  Ik-  higher,  (fn  die  oilier  hand,  die 
siiilaee  ol  die  llal  area  al  the  Ixitlom  of  die  cavity  increases,  and  the  implosion  of  the  torus  jet  will  be  longer ;  thus,  the  axial  jet  w  ill 
he  lasier  and  Ix-lier  confined,  and  the  hy|x’rfast  dart  veliK  ity  will  therefore  increase. 

All  diese  resiills  are  proved  by  the  cx[x’rinicnls.  Hence,  with  given  launcher  and  uuget  material,  we  can  define  an  optimal  geomeiry 
ol  die  eaviiy  : 

-  1)  as  large  as  (xissible,  the  problem  of  the  lateral  releases  being  taken  into  account ; 

-  h  =  D  ; 

.  r  as  small  as  possible. 


Inlhicih  c  of  ilu’  /(■/  nuilerial 

W'e  preseni  the  influence  of  the  malerial  of  die  jel  iijion  its  vcItKity  on  fig.  10,  for  cavities  with  hemispherical  or  flat  Ixillom.  Five 
nialerials  were  tested  with  equivalent  initial  conditions  :  copper,  beryllium,  molybdenum,  aluminum  alloy  2024  and  uranium  alloy 
lINbfi.  We  observe,  for  the  two  types  of  cavities,  that  the  jet  speed  is  roughly  proportional  to  the  sound  velocity  C  of  tfie  malerial 
(evahialed  w  idi  hydrtxlynamic  assuniplion  :  C  -(K/plIf-^).  This  will  help  us  to  determine  "optima"  jet  materials. 

We  first  examine  a  classical  jet  created  in  an  hemispherical  bottom  cavity.  Since  the  jet  speed  v  is  nearly  constant  versus  time,  its 
lengdi  I.  is  e(|iial  to  vt ;  therefore,  al  a  given  time  t.  S2  varies  as  v  pl/2.  or  (because  of  the  linear  viuiaiion  of  v  w  ith  C),  as  the  square 
root  ol  the  bulk  modtdtis  K.  fbe  penetration  depth  will  consequently  be  optinii/cd  by  choosing  a  very  incompressible  material  (,is 
liingslen  or  niolybdeiuini). 

As  for  lets  obtained  in  flat  bottom  cavities,  the  same  conclusions  may  be  obuiined  both  for  the  "slow”  core  and  the  hyperfasi  dim. 
although  here  there  is  a  slight  variation  of  v  versus  lime. 

In  fact,  other  parameters  must  be  taken  into  account  to  define  a  "gtKHr'  jet  malerial ;  for  instance,  to  maintain  coherence  during  the  jet 
elongation  rec|iiires  (as  for  shaped  charges)  a  ductile  malerial  with  fine  grains. 

A  liirther  improvement  of  the  jet  performance  will  be  obtained  : 

•  lor  the  penetration  P,  by  extending  the  duration  of  the  jet ; 

•  for  the  crater  volume  d.  which  varies  as  Vpv2,  by  increasing  the  volume  V  of  the  projected  material,  the  quantity  pv2 
(proportional  to  K)  Iving  already  optinii/.cd. 

I  his  requires  a  sufficiently  high  "lime  (laramcler  "  x  and  a  large  diameter  of  cavity  D.  as  mentioned  above. 


(.■0NC'H.I.S10N 

riiese  studies  point  out  a  new  concept  of  jel  ercation,  using  the  implosion  of  a  cavity  with  a  flat  bottom.  Since  the  jet  is  obtained  in 
three  steps: 

-  shaivd  charge  effect  at  the  periphery  of  the  cavity,  hence,  creation  of  a  torus  jet ; 

•  locali/ation  of  a  centripetal  compression  wave,  and  creation  of  an  axial  jet ; 

•  confinement  of  the  axial  jel  by  the  torus  one. 

il  IS  possible  to  gel  faster  jets  than  those  created  by  a  simple  shaped  charge  effect. 

Moreiner.  the  experiments  prove  that  the  propagation  of  these  jets  is  very  regul.ar  (their  coherence  remains  good  even  for  high 
elongation),  and  the  calculations  seems  to  indicate  that  their  |Kr.ctrall;in  ability  is  higher  than  for  classical  jets. 

( hlicr  experiments  arc  planned  to  verify  these  thcorilical  results  and  to  siiccify  the  actual  performances  of  these  jets. 
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TOPOGRAPHICALLY  MODIFIED  BUMPER  CONCEPTS 
FOR  SPACECRAFT  SHIELDING 
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ABSTRACT 

This  paper  introduces  the  concept  of  Topographically  Modified  Bumpers,  or  TMB’s,  for  spacecraft 
shielding.  By  milling  geometric  patterns  onto  the  front  face  of  a  flat  plate  bumper,  ribs  are  formed 
which  create  multiple  contac*  points  with  a  projectile  during  impact.  As  the  generated  shock  waves 
travel  through  the  projectile,  they  overlap  causing  a  superposition  and  amplification  of  the  shock. 
Several  different  TMB  designs  are  considered  and  results  from  experimental  tests  conducted  at 
low  (1.5  to  3.5  and  medium  (6  to  8  velocities  are  presented.  At  higher  velocities,  a 
parametric  study  of  topography  dimensions  is  performed  to  show  optimizing  trends.  It  is  found 
that  TMB’s  with  tall  ribs,  thin  backing  plate,  and  small  rib  separation  should  perform  best. 


INTRODUCTION 

The  untrackable  orbital  debris  environment  is  becoming  increasingly  inhospitable  to  satellite  op¬ 
erations  in  low-Earth  orbit.  This  is  especially  true  for  large  spacecraft  and  satellites  with  long 
missions.  The  Space  Shuttle  Discovery’s  collision  avoidance  maneuver  in  September,  1991,  marked 
the  Shuttle  fleet’s  first  debris  avoidance  maneuver,  and  is  a  prime  example  of  how  debris  is  be¬ 
ginning  to  disrupt  mission  operations.  Experiments  had  to  be  temporarily  shut  down  while  the 
Shuttle  steered  clear  of  a  1440  kg  discarded  rocket  body  (McKnight,  1991).  Atlantis  found  itself 
in  a  Similar  situation  fewer  than  three  months  later. 


These  encounters  are  isolated  incidences,  and  generally  do  not  end  in  catastrophe  because  of 
USSPACECOM’s  tracking  and  warning  capabilities.  But  impacts  from  smaller,  more  plentiful 
objects  are  not  uncommon,  as  the  Long  Duration  Exposure  Facility  can  attest.  LDEF  was  struck 
more  than  34,000  times  by  meteoroids  and  debris  during  its  5.7  year  flight  (See  et  a/.,  1990).  More 
than  3,000  of  these  strikes  resulted  in  craters  with  diameters  of  at  least  .5  mm  across;  the  largest 
measured  over  one  half  centimeter  across.  Looking  toward  future  programs,  it  has  been  estimated 
that  Space  Station  Freedom  will  encounter  tens  of  thousands  of  debris  particulates  larger  than  .1 
mm  and  lO’s  to  lOO’s  bigger  than  1  mm  over  its  30  year  life  (Maclay  et  a/.,  1991). 

Impact  damage  from  sub-millimeter  size  particles  may  only  influence  the  performance  of  sensitive 
instruments  and  solar  panels,  but  debris  larger  than  a  few  millimeters  could  pose  a  serious  threat 
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to  a  manned  vessel  or  fuel  tank.  As  a  consequence  of  this  hazard,  much  attention  has  been  focused 
on  shielding  techniques  and  design.  Specifically,  researchers  have  been  devising  innovative  ways 
of  defeating  larger  projectiles  with  lower  shielding  weights. 

present  shield  designs  are  typically  based  on  the  Whipple  bumper  shield  concept  of  placing  a 
thin  aluminum  bumper  plate  some  distance  in  front  of  the  spacecraft  wall.  The  purpose  of  this 
plate  is  to  shock  incoming  projectiles  sufficiently  to  shatter,  melt,  or  even  vaporize  them,  thereby 
reducing  the  impulsive  load  on  the  spacecraft  hull.  Some  variations  on  this  theme  have  been 
the  use  of  different  materials  (e.g.  Kevlar,  ceramics,  foam,  mesh,  and  composites),  inclusion  of 
multiple  bumpers,  and  optimization  of  plate  spacing  and  thicknesses. 

This  paper  offers  an  advanced  bumper  design  which  involves  modifying  the  bumper’s  front  surface 
topography  by  milling  out  rows  of  grooves  from  a  flat  plate.  By  creating  these  ribs,  the  effectiveness 
of  the  bumper  can  be  enhanced  without  increasing  its  weight.  As  part  of  an  experimental  test  series 
being  conducted  by  Martin  Marietta’s  Defensive  Shields  Demonstration  (DSD)  Program,  these 
Topographically  Modified  Bumpers  (TMBs)  are  being  evaluated  under  low  (1.5  to  3.5  ^)  and 
medium  (6  to  8  ^)  impact  conditions.  At  the  higher  velocities  more  typical  of  orbital  encounters, 
the  TMB  is  evaluated  through  numerical  simulation  using  the  CTH  hydrocode,  provided  by  Sandia 
National  Laboratory.  By  exploring  the  effects  of  varying  rib  height,  width,  and  spacing,  trends 
are  identified  that  lead  to  a  partially  optimized  TMB  configuration. 


CURRENT  SHIELDING  DESIGNS 


Thin  Plate  Theory 

The  easiest  way  to  assure  that  a  spacecraft  can  withstand  meteoroid  and  debris  impacts  is  to 
increase  its  wall  thickness.  However,  by  doing  so,  the  satellite’s  weight,  and  therefore  its  cost  of 
delivery,  are  driven  up  dramatically.  It  was  first  proposed  by  Whipple  (1947)  that  a  spacecraft 
wall  subjected  to  hypervelocity  impact  would  be  afforded  more  protection  by  a  thin  sheet  spaced 
some  distance  in  front  of  the  wall  than  by  cidding  the  same  weight  of  material  to  the  wall  itself. 

The  purpose  of  this  bumper  sheet  is  to  break  up  the  projectile  into  an  expanding  cloud  of  debris, 
thereby  reducing  the  impulsive  load  that  the  hull  wall  would  otherwise  have  experienced.  A 
complete  mathematical  description  of  how  the  projectile  and  bumper  materials  behave  during 
impact  is  quite  complex,  but  a  general  understanding  of  the  processes  involved  can  be  gained  by 
looking  at  two  important  mechanisms:  spalling  and  heating. 

At  the  time  of  impact,  shock  waves  are  initiated  in  both  the  projectile  and  bumper  which  propagate 
away  from  their  common  interface.  Figure  la  depicts  this  situation  using  a  spherical  projectile. 
The  compression  waves  travel  through  the  material  and  reflect  off  the  free  surface  at  the  back  of 
the  sphere  as  tensile  waves.  If  the  tensile  amplitude  is  sufficiently  high  to  fail  the  material,  the 
rear  surface  will  fracture,  or  spall  (Fig.  lb).  This  process  may  continue  as  new  free  surfaces  are 
created  and  rarefaction  waves  are  generated  to  satisfy  stress  boundary  conditions.  The  size  of 
these  spalled  debris  particles  varies  inversely  with  the  magnitude  of  the  original  shock,  or  impact 
velocity  (Anderson  ei  ai,  1990).  Dispersion  of  debris  cloud  particulates  also  depends  on  the  shock 
strength,  but  is  a  function  of  the  shape  of  the  shock  front  and  the  free  surface  geometry  as  well. 
These  two  parameters  are  controlled  primarily  by  the  projectile’s  shape  and  orientation  during 
impact  (Morrison,  1972;  Piekutowski,  1987;  Chhabildas  and  Hertel,  1991;  Hertel  et  al.,  1991). 

Another  mechanism  that  aids  in  the  dispersion  of  the  debris  cloud  is  heating.  The  projectile 
and  bumper  materials  undergo  a  state  of  high  compression  when  the  shock  wave  arrives,  and  arc 
released  from  this  state  as  it  passes.  This  is  an  irreversible  process  which  leaves  behind  residual 
energy  in  the  form  of  heat.  The  amount  of  heating  increases  with  the  shock  amplitude,  and  for 
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Fig.  1.  (a)  Shock  waves  are  initiated  during  impact  and  propagate 
through  the  projectile  and  plate,  (b)  Rear  surface  spall  occurs  if  the 
shock  strength  is  sufficient. 


sufficiently  high  impaci  speeds  will  melt  or  even  vaporize  the  projectile  and  bumper.  Melting  is 
beneficial  because  then  the  cloud  expansion  is  hindered  only  by  the  surface  tensions  of  the  liquid, 
and  small  droplets  are  formed  which  continue  to  spread.  A  solid  particle,  on  the  other  hand,  would 
remain  intact  (assuming  no  spall).  Vaporization  is  even  more  advantageous  since  the  density  of 
vapor  is  low  compared  to  liquid  or  solid  material.  In  this  case,  even  surface  tensions  disappear, 
and  phase  separation  effects  help  disperse  the  cloud  (Hertel,  1992). 

Experimental  testing  of  the  Whipple  shield  concept  at  the  NASA  Johnson  Space  Center  Hyper¬ 
velocity  Impact  Research  Laboratory  (HIRL)  has  demonstrated  a  substantial  weight  savings  over 
single-walled  structures.  For  example,  Christiansen  (1990)  reports  that  at  7  a  single  sheet  of 
aluminum  must  be  more  than  five  times  heavier  than  an  aluminum  Whipple  shield  to  defeat  the 
same  threat.  Researchers  have  been  working  to  further  improve  this  weight  savings.  The  next 
two  sections  describe  successful  designs  that  are  being  considered  for  Space  Station  Freedom. 


Multi- Shock  Shield 

A  Multi-Shock  (MS)  shield,  as  proposed  by  Cour-Palais  and  Crews  (1990),  consists  of  multiple 
layers  of  an  ultra-thin,  flexible  ceramic  fabric,  called  Nextel.  Ncxtel  is  used  instead  of  continuous 
metallic  sheets  because  less  shield  debris  is  generated.  A  schematic  is  shown  in  Fig.  2a.  As  in  the 
single  sheet  bumper,  the  first  sheet  disperses  the  projectile  into  an  expanding  debris  cloud  while 
increasing  the  fragments’  temperatures.  Subsequent  layers  then  reshock  these  fragments,  further 
reducing  their  sizes  and  increasing  their  temperatures.  Thus,  the  debris  is  raised  to  substantially 
higher  pressures  and  thermal  states  with  the  MS  shield  than  with  a  single  layer  shield. 

MS  tests  performed  at  6.3  ^  have  shown  amounts  of  melting  and  vaporization  equivalent  to 
that  found  at  10  ^  with  a  standard  Whipple  shield  (Cour-Palais  and  Crews,  1990).  Ongoing 
experiments  conducted  at  HIRL  show  that  the  level  of  protection  provided  by  a  single  sheet 
Whipple  shield  can  be  achieved  at  more  than  a  40%  weight  savings  with  a  Multi-Shock  shield 
(Crews  and  Christiansen,  1992). 
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Fig.  2.  The  Multi-Shock  Shield  (a)  and  the  Mesh  Double-Bumper  (b) 
both  provide  significant  weight  savings  over  a  single  Whipple  bumper. 


Mesh  Double- Bumper 

The  Mesh  Double-Bumper  (MDB)  is  another  configuration  that  has  shown  more  than  a  40% 
weight  savings  over  a  standard  Whipple  bumper  (Crews  and  Christiansen,  1992).  A  schematic 
of  this  shield  is  shown  in  Fig.  2b.  The  first  layer  is  an  aluminum  wire  mesh  which  again  serves 
to  break  up  the  projectile,  and  spread  and  heat  its  fragments  (Christiansen,  1990).  The  second 
bumper  reshocks  the  fragments  as  in  the  MS  concept.  The  third  layer  is  a  sheet  of  Spectra  or 
Kevlar  fabric  that  slows  the  debris  and  stops  a  portion  of  the  cloud  so  that  the  back  wall  can 
survive  the  remaining  load. 


TOPOGRAPHICALLY  MODIFIED  BUMPERS 

A  Topographically  Modified  Bumper  (TMB)  is  a  single  layer,  ridged,  continuous  sheet  bumper  that 
is  capable  of  providing  more  protection  than  an  equal  weight  flat  plate  bumper.  Its  effectiveness  as 
a  shield  is  based  on  the  principle  of  superposition  of  shock  waves  that  are  initiated  in  the  projectile 
at  the  location  of  each  impacted  rib.  Figure  3a  illustrates  this  principle  using  square  ribbing  and  a 
spherical  projectile.  The  waves  propagate  across  the  sphere  as  before,  but  superposition  amplifies 
the  pressure  as  the  waves  overlap.  The  result  is  an  increase  in  temperature  and  a  greater  chance 
of  multiple  spalling  at  the  rear  surface. 

Another  advantage  of  TMB’s  over  flat  plate  bumpers  is  that,  like  the  mesh  layer  of  the  MDB,  it 
can  be  rolled  for  storage  and  deployed  as  a  shield  augmentation  layer.  Unlike  the  mesh,  however, 
a  TMB  with  ribs  in  only  one  direction  can  provide  structural  support  in  the  direction  of  the  ribs. 

Finally,  by  having  a  continuous  backing  sheet,  the  TMB  can  protect  subsequent  shielding  or 
insulating  layers  that  might  be  sensitive  to  the  incidence  of  atomic  oxygen,  dust,  or  radiation.  For 
example,  LDEF  demonstrated  that  graphite  ep^jxy,  a  material  which  has  demonstrated  improved 
MDB  performance  when  used  in  place  of  aluminum  as  the  second  sheet,  could  be  substantially 
eroded  by  atomic  oxygen  (See  et  al.,  1990).  Thus,  TMB  bumpers  are  designed  to  enhance  the 
performance  of  single  flat  sheet  bumper  shields,  or  can  be  used  as  the  first  layer  in  a  Multi-Shock 
or  MDB-type  design  to  increase  debris  dispersion. 
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Fig.  3.  (a)  The  TMB  designs  use  superposition  to  amplify  the  shock 
strength,  (b)  The  performance  of  square  and  hemispherically  grooved 
TMB’s  are  compared  with  that  of  a  flat  plate  of  equal  weight. 


LOW  VELOCITY  IMPACTS 

TMB’s  using  different  geometric  shapes  were  evaluated  experimentally  at  low  velocities  of  several 
kilometers  per  second  as  part  of  Martin  Marietta’s  DSD  program.  The  plates  were  milled  in  one 
direction  (from  here  on  called  a  1-D  TMB)  with  square  and  hemispherical  features,  and  their 
performances  were  compared  to  that  of  a  flat  plate.  Figure  3b  shows  the  designs  considered.  In 
each  case,  the  projectile  was  a  ^  inch  tantalum  sphere  traveling  between  1.66  and  1.71  The 
plates  were  also  tantalum,  and  had  equal  areal  densities  of  1.27  a  value  determined  by  the 
.030"  thickness  of  the  flat  plate  tested. 

The  figure  of  merit  used  in  evaluating  these  designs  was  the  size  of  the  largest  few  fragments,  since 
they  pose  the  greatest  threat  to  the  protected  structure.  The  smaller  these  major  particles  are,  the 
better  the  performance  of  the  shield.  Using  a  technique  developed  under  the  DSD  program,  the 
debris  clouds  were  scanned  into  a  computer  from  X-ray  photographs,  and  fragment  cross  sectional 
areas  were  recorded.  Figure  4a  shows  this  data  as  a  histogram  of  the  number  of  debris  particles 
versus  cross  sectional  area.  Abscissa  values  represent  lower  limits  of  the  bins,  and  numbers  in 
parentheses  indicate  average  areas  within  that  bin. 

The  histogram  shows  that  the  bumper  with  square  ribs  outperformed  the  other  two.  In  the 
largest  two  bins,  the  square  design  has  the  fewest  pieces  and  the  lowest  average  cross  sectional 
areas.  In  fact,  the  hemisphere  design  and  the  flat  plate  resulted  in  28%  and  56%  more  total  area, 
respectively,  in  fragments  with  cross  sections  larger  than  6.452  mm*.  This  result,  combined  with 
the  fact  that  square-ribbed  plates  are  easier  to  fabricate,  makes  this  design  the  most  promising. 

Several  other  TMB  designs  were  tested  in  this  series  as  well,  including  ones  with  triangular  ribs, 
and  flat  plate  bumpers  with  circular,  oblong,  and  slotted  perforations  machined  into  them.  These 
configurations  were  not  as  effective,  however,  and  were  not  considered  further.  The  square-ribbed 
TMB  (from  here  on  simply  called  the  TMB)  was  also  compared  to  an  equal  areal  density  set 
of  wires  running  in  one  direction  (1-D  wire  mesh).  The  results  were  comparable,  and  as  in  the 
case  of  the  2-D  wire  mesh,  a  cross  grooved  TMB  (2-D  TMB)  like  that  shown  in  Fig.  4b  yielded 
improved  results  over  an  equal  weight  1-D  TMB. 
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Fig.  4.  (a)  The  square  ribbed  TMB  is  the  most  effective  at  reducing 
the  size  and  number  of  the  largest  fragments,  (b)  Milling  grooves  in 
two  directions  increases  the  efficiency  of  the  TMB. 


MID-RANGE  VELOCITY  IMPACTS 

Only  a  few  shots  have  been  performed  on  TMB’s  thus  far  at  velocities  higher  than  several  kilo¬ 
meters  per  second.  Two  shots  were  performed  by  JSC/HIRL  with  a  1-D  aluminum  TMB  in  place 
of  the  wire  mesh  in  a  full  Mesh  Double-Bumper  shield.  The  projectile  was  a  |  inch  aluminum 
sphere  which  impacted  at  6.2^.  The  original  mesh’s  .051^^  areal  density  was  maintained  for 
the  TMB,  although  the  height  and  width  of  the  ribs  differed  for  the  two  tests.  The  rib  frequency 
was  set  to  three  ribs  per  projectile  diameter  for  both  shots. 

The  post-shot  inspection  revealed  back  plate  penetrations  in  both  TMB  shots,  v  hile  the  original 
wire  mesh  MDB  survived  the  impact.  This  difference  is  thought  to  be  at  least  in  part  due  to 
the  fact  that  the  TMB  had  not  yet  been  optimized,  and  that  it  was  only  milled  in  one  direction. 
Additional  tests  currently  are  being  planned  to  help  identify  optimizing  trends  and  evaluate  the 
effectiveness  of  a  cross-grooved  TMB  in  this  configuration.  The  1-D  TMB  and  1-D  wire  mesh 
were  compared  again  in  shots  made  at  these  mid-range  velocities,  and,  as  at  the  lower  velocities, 
were  found  to  behave  similarly.  A  significant  advantage  to  the  1-D  TMB  determined  by  the  tests 
was  that  it  sustained  much  less  damage  (e.g.  smaller  hole  size)  than  its  wire  mesh  counterpart, 
thereby  better  maintaining  its  protective  capability  for  subsequent  debris  encounters. 


HIGH  VELOCITY  IMPACTS 

Experimental  testing  at  velocities  more  typical  of  orbital  encounters  was  not  possible,  so  numerical 
simulation  with  the  CTH  hydrocode  is  relied  on  for  a  high  velocity  study.  Because  of  computer 
limitations,  only  single  plate  simulations  could  be  run,  and  the  evaluation  of  shield  performances  is 
based  on  debris  cloud  characteristics  behind  the  bumper.  Using  CTH,  the  effect  of  varying  the  rib 
height  (H),  width  (D),  and  spacing  (L),  as  well  as  the  backing  plate  thickness  (T),  is  investigated. 
In  all  cases,  the  threat  is  taken  to  be  a  6.35  mm  in)  diameter  (d)  aluminum  sphere  traveling 
at  10  All  shields  are  assumed  to  be  aluminum,  and  the  point  of  impact  is  centered  between 
two  ribs  in  each  simulation.  The  baseline  flat  plate  used  for  performance  comparison  is  1.27  mm 
(.050  in)  thick,  c;  all  bumpers  have  an  areal  density  of  -34^^. 
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Fig.  5.  (a)  Rib  height,  width,  spacing,  and  backing  thickness  are 
defined  for  the  nominal  configuration,  (b)  The  effect  of  varying  ^ , 
Y,  and  are  investigated  for  optimization. 


Figure  5a  defines  the  various  dimensions  mentioned  above,  and  gives  their  values  for  the  nominal 
TMB  configuration.  Also  given  are  the  initial  values  of  the  three  variables  being  considered  for 
the  parametric  study.  %>  Z •  varied  twice,  once  higher  and  once  lower  than 

the  nominal  value,  while  holding  the  uninvolved  dimensions  constant.  (Unfortunately,  the  ratios 
are  coupled,  so  changing  one  changes  another.)  Thus,  eight  CTH  runs  are  needed  for  the  study. 
Runs  one  and  two  are  the  flat  plate  and  nominal  TMB,  respectively,  and  dimensions  for  runs  three 
through  eight  are  given  in  Table  1.  Figure  5b  qualitatively  shows  how  the  parameter  variations 
affect  the  TMB. 


Table  1;  Parameter  Variation  Matrix  For  CTH  Runs 


Run 

H 

T 

H 

D 

d 

L 

H 

D 

L 

T 

1 

N/A 

N/A 

N/A 

0 

0 

0 

1.27 

2 

3.0 

2.4 

5.0 

1.52 

0.63 

1.27 

0.51 

3 

1.0 

1.3 

5.0 

0.85 

0.63 

1.27 

0.85 

4 

5.0 

2.9 

5.0 

1.81 

0.63 

1.27 

0.36 

5 

1.9 

1.0 

5.0 

0.98 

0.98 

1.27 

0.51 

6 

4.2 

4.8 

5.0 

2.15 

0.45 

1.27 

0.51 

7 

3.0 

1.4 

3.0 

1.52 

1.06 

2.12 

0.51 

8 

3.0 

3.4 

7.0 

1.52 

0.45 

0.91 

0.51 

All  of  the  simulations  are  run  in  the  two  dimensional,  ajds-symmetric  formulation.  The  authors 
are  aware  that  slight  elongation  and  other  minor  non-physical  irregularities  can  occur  along  the 
symmetry  axis  using  this  formulation  because  of  the  imposition  of  artificial  boundary  conditions, 
but  no  serious  problems  are  encountered  in  this  study. 

The  flat  plate  simulation  at  three  microseconds  after  impact  is  pictured  in  Fig.  6.  The  shape 
of  the  debris  cloud  is  not  surprising,  and  a  spall  on  the  verge  of  detaching  from  the  back  of  the 
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Fig.  6.  A  CTH  simulation  of  a  sphere  striking  a  flat  plate  at  10^ 
shows  the  typical  debris  cloud  shape  three  microseconds  after  impact. 

Temperature  is  indicated  on  the  right,  and  density  is  on  the  left. 

projectile  is  evident.  Note  also  that  the  debris  velocity  remains  virtually  unchanged.  Temperature 
is  plotted  on  the  right  half  of  the  image.  On  the  legend,  note  aluminum’s  melting  and  boiling 
temperatures  of  933.5  deg  Kelvin  and  2, 740  deg  Kelvin,  respectively.  By  three  microseconds,  the 
primary  shock  has  passed  through  the  material  and  the  temperature  of  the  cloud  has  become 
reasonably  stable  (Hertel,  1992).  The  image  shows  that  the  entire  cloud  is  liquid,  and  no  vapor 
is  apparent.  The  material  density  is  shown  on  the  left  half  of  the  image  with  dot  shading. 

The  nominal  TMB  simulation  at  the  same  time  after  impact  appears  in  Fig.  7.  Several  observa¬ 
tions  can  be  made  from  this  image.  Firstly,  the  superposition  of  shock  waves  from  multiple  impact 
points  has  amplified  the  shock’s  net  magnitude.  This  is  evidenced  by  the  multiple  spalling  at  the 
back  of  the  projectile  and  the  increase  in  temperature  compared  to  Fig.  6.  The  vapor  appearing 
on  the  centerline,  however,  is  most  likely  a  manifestation  of  the  artificial  boundary  conditions 
mentioned  earlier.  Secondly,  the  spalled  fragments  are  comparatively  dense  and  have  not  melted, 
suggesting  that  at  least  a  portion  of  the  residual  internal  energy  usually  seen  as  heat  has  gone 
into  the  fracturing  process.  Thirdly,  the  debris  spread  angle  has  been  increased  slightly,  helping 
to  reduce  the  impulse  on  downstream  objects.  Lastly,  the  volume  of  the  cloud  is  larger,  indicating 
a  lower  average  cloud  density.  Moreover,  the  spalled  particles  are  small  and  have  been  slowed  to 
about  half  of  their  initial  velocity  by  the  spalling  process,  making  them  a  much  lesser  threat  to 
the  remaining  structure. 

Similar  analyses  were  performed  on  each  of  the  remaining  six  runs,  and  the  following  conclusions 
were  drawn.  First,  a  high  ^  (Run  4)  appears  to  provide  better  protection  than  a  low  ^  (Run  3). 
This  result  makes  sense  since  in  the  limit  as  this  ratio  approaches  zero,  one  arrives  back  at  the 
flat  plate.  Second,  tall,  skinny  ribs  (Run  6)  seem  to  outperform  short,  fat  ribs  (Run  5).  This  is 
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Fig.  7.  At  three  microseconds,  a  CTH  simulation  of  a  sphere  striking 
the  nomin2kl  TMB  at  10^  shows  multiple  spalling  and  increased 
temperatures  due  to  the  superposition  of  shock  waves.  Temperature 
is  indicated  on  the  right,  and  density  is  on  the  left. 


also  not  surprising,  for  the  same  reason.  Last,  fewer  ribs  per  projectile  diameter  (Run  7)  appear 
better  than  more  (Run  8).  This  is  a  little  less  obvious,  but  again  can  be  explained  by  considering 
limiting  cases.  As  the  rib  width  approaches  the  projectile  diameter,  the  impacting  object  sees 
a  plate  of  thickness  H  +  T  (assuming  it  is  unlucky  enough  to  have  hit  the  rib!).  At  the  other 
extreme,  as  rib  width  approaches  zero,  the  projectile  sees  a  plate  with  two  different  densities.  The 
backing  plate  remains  at  the  original  density  but  only  has  thickness  T.  The  ribs,  on  the  other 
hand,  are  nothing  more  than  tightly  spaced  filaments  which  are  seen  by  the  projectile  as  a  solid, 
but  less  dense  layer  of  thickness  H.  Hence,  the  shock  is  reduced  in  this  latter  case,  as  are  debris 
spread  and  temperature. 

The  most  effective  of  the  eight  runs  is  Run  7.  The  image  of  its  debris  cloud  is  given  in  Fig.  8. 
Of  primary  interest  and  importance  is  the  debris  spread.  At  three  microseconds,  the  cloud  from 
Run  7  is  nearly  50%  wider  than  the  cloud  from  Run  1,  and  almost  28%  wider  than  the  cloud  from 
Run  2.  Additionally,  there  is  more  spalled  material,  and  more  debris  mass  at  higher  temperatures 
(not  obvious  from  the  images). 

It  should  be  noted  that  these  evaluations  are  based  on  single  plate  simulations,  and  are  subject  to 
some  interpretation.  For  example,  some  evidence  of  debris  chanelling  between  the  ribs  exists,  and 
this  may  temper  or  even  override  the  advantages  outlined  above.  To  verify  that  the  conclusions 
drawn  here  are  accurate,  simulations  should  be  run  with  a  witness  plate  so  the  actual  damage 
to  a  secondary  structure  could  be  directly  observed.  Unfortunately,  these  runs  are  quite  CPU 
intensive,  and  only  a  limited  number  can  be  made.  Runs  1  and  2  were  rerun  as  two-plate  problems 
by  inserting  a  5  mm  witness  plate  6.5  cm  behind  the  bumper.  Neither  witness  plate  failed,  but 
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Fig.  8.  At  three  microseconds,  ein  image  of  Run  7  shows  multiple 
spalling,  increased  temperatures,  and  the  largest  lateral  spread  found 
in  any  of  the  runs.  Temperature  is  indicated  on  the  right,  and  density 
is  on  the  left. 

the  dent  in  the  plate  in  Run  1  was  larger  than  in  Run  2.  While  not  much  information  was 
revealed  by  these  particular  two-plate  simulations,  additional  runs  and  experimental  testing  at 
higher  velocities  can  provide  the  needed  data. 

CONCLUSIONS 

It  has  been  shown  that,  throughout  the  entire  velocity  range  expected  during  on-orbit  debris 
interactions,  a  bumper  plate  with  geometric  patterns  milled  into  its  front  surface  affords  more 
protection  than  a  flat  plate  of  equal  weight.  Through  experiment,  the  1-D  TMB  has  proven  to  be 
comparable  to  a  1-D  row  of  wires  of  equal  weight,  and  the  2-D  TMB  of  equal  weight  has  shown 
additional  improvement.  In  comparing  the  1-D  TMB  to  the  wire  mesh,  it  was  found  that  smaller 
hole  sizes  resulted  in  the  TMB,  offering  better  protection  against  local  second  strikes.  It  has  been 
demonstrated  through  numerical  simulation  that  for  a  given  threat,  the  TMB  can  be  optimized 
by  varying  its  configuration.  It  appears  that  increasing  y  and  and  decreasing  ^  from  the 
nominal  values  results  in  a  more  effective  design. 

In  addition  to  shielding  against  impact,  TMB’s  can  contribute  as  a  structural  member  of  a  wall 
and  offer  atomic  oxygen,  dust,  and  radiation  protection  for  vulnerable  materials. 

Additional  testing  and  numerical  simulation  would  be  useful  to  help  better  quantify  the  results 
presented  here.  This  would  also  aid  in  the  identification  of  performance  trends  as  a  function  of 
tl  reat  variations  such  as  debris  size,  shape,  obliquity,  and  density. 
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AB.STRACT 

Wc  have  implemented  two  ceramics  if.odels  into  the  MFSA  Hitlerian  I'inite  dilTerence  hydrocodes  and 
evaluated  them  hy  comparing  code  predictions  ol'  the  free  surface  velocity  as  a  function  of  time  to  data 
for  one-dimensional  llyer  plate  impacts  and  to  free  surlace  velocity  data  for  the  penetration  of  subscale 
tungsten  rods  into  ceramic  plates.  Results  were  obtained  for  silicon  carbide,  boron  carbide,  alumina, 
titanium  diboride,  and  for  a  base  calculation  using  a  steel  plate 

INTRODUCTION 

The  ability  to  predict  the  response  of  ceramics  to  impacts  is  important  in  the  design  of  amior/anti-amior 
devices,  aerospace  structures,  and  other  modern  applications  of  advanced  ceramic  materials.  .A  large 
number  of  material  models  exist  for  ceramic  materials.  Gordon  .lohnson  has  compiled  a  list  that  includes 
eleven  models  (Johnson.  1991 ).  In  this  paper  we  discuss  the  implementation  and  evaluation  of  two 
ceramic  material  strength  models  into  the  MHSA  2-Dand  .J-D  Eulerian  codes  (Holian  /99I ).  In 
the  future  we  plan  to  use  the  MESA  code  >  as  testbeds  for  the  examination  of  other  models. 

Wc  have  implemented  the  Steinberg  ceramic  model  (Steinberg.  1990)  into  both  2-D  and  .^-D  MESA,  and 
we  ha\c  implemented  the  Johnson-Holmquist  brittle  model  (Johnson  t'/  <9  ..  1990)  into  2-D  MFSA.  In 
order  to  evaluate  the  models,  w  c  have  compared  code  calculatiors  to  free  surface  velocity  data  for  I  -D 
plate  impacts  and  to  tungsten  impacts  into  ceramic  disks.  These  data  wet  c  obtained  from  Sandia  National 
Laboratories  (Kipp  <7  <// .  1989.  Wise  <7  <// .  1990).  Materials  calculated  include  silicon  carbide,  boron 
carbide,  alumina,  titanium  diboride,  and  a  base  case  calculation  of  steel.  Model  and  mesh  sensitivity 
studies  were  performed  in  order  to  determine  their  effeets  on  the  calculated  free  s'""' ..  ^  velocities,  w  hich 
could  be  compared  to  experimental  measurements,  and  to  guide  users  in  develop  their  calculational 
models. 

The  basic  hydrodynamics  material  strength,  equalion-of-statc » EOS),  and  fracture  models  implementeii 
in  the  MESA  2-D  and  .TD  codes  have  been  previously  described  (Holian  (7  iil. .  1991 ).  Several  points 
are  worth  noting  about  the  material  strength  and  fracture  models  in  the  codes.  In  general  they  are  semi- 
empirical  models.  That  is  they  were  obtained  by  fitting  data  to  equations  that  give  the  correct  physical 
trends,  but  they  are  not  derived  from  basic  physical  pt  inciples.  Second,  in  Eulerian  codes,  such  as  MESA, 
the  material  moves  through  a  fixed  mesh.  This  movement  requires  the  use  of  mixed  cells;  that  is.  cells 
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w  iih  more  than  i>ne  male  rial.  I'his  mixture  presents  aeomplieation  regarding  the  treatment  of  stress  and 
damage  m  these  mixed  eells  and  the  ad\eelion  ol  these  quantities  into  adjaeent  eells. 

S!ci>ihcr'^  Ccrainit  Model 

Steinberg  and  his  eo-uorkers  ha\e  developed  a  number  of  materia!  models  lor  duetile  materials 
(Steinberg  IMMO.  Steinberg  <7  u/..  I  land  more  recently  he  has  d^  veltrped  a  similar  model  foreeramies 
materials,  baseil  on  tlie  I  -D  plate  impact  experiments  performed  at  Sandia.  This  model  includes  strain, 
strain  rale,  pressure  and  temperature  elTeels.  Equations  are  provideu  for  both  the  yield  strengi.h  and  the 
shear  moilulus.  .A  number  of  material  constants  are  needed.  Due  to  the  limited  range  of  available 
experiments,  some  constants  had  to  be  estimated. 

Model 

The  Johnson-Holmquisi  brittle  model  is  also  based  on  a  series  of  ceramic  experiments,  but  has  the 
advantage  over  the  Steinberg  model  that  a  fracture  model  is  incorporated  into  the  model.  Essentially 
the  model  is  based  on  tun  sets  of  curves  of  equivalent  stress  vs.  pressure.  Each  set  depends  on  plastic 
strain  rale,  with  one  set  being  used  prior  to  fi  icture  (damage  <  1.0)  and  the  other  set  being  used  after 
fracture  has  oeeurred  in  the  cell  (damage  >  =  1 .0).  The  damage  is  calculated  in  a  similar  fashion  to  the 
well-known  Johnson-C'ook  (Johnson  el  al..  19X5)  fracture  model  in  which  fractional  strain  to  failure 
IS  accumulated  lor  each  cycle  until  the  value  exceeds  one.  The  damage  variable.  D.  presents  a  problem 
111  Eulerian  codes  since  material  is  advected  between  cells,  and  thus  tfactured  material  may  enter  a  cell 
w  here  it  is  mixed  w  ith  undamaged  material  resulting  in  a  cell  with  no  fractured  material  and  thus  creating 
an  artificial  healing  process.  The  shear  modulus  is  a  constant  in  this  model. 

h  i  ill  lure  Models 

It  appears  irom  the  •esults  obtained,  which  are  presented  and  discussed  below,  that  the  model  used  to 
represent  ceramic  fracture  is  very  critical  in  predicting  the  behavior  of  the  experiments.  Eraeture  is  built 
into  the  Johnson-llolmquist  model.  There  are  two  pressure-dependent  How  stress  curv  es,  one  tor  intact 
material  anil  one  lor  failed  material  (damage  greater  than  one).  In  contrast,  the  Steinberg  model  does 
not  prov  ide  a  fracture  component,  and  thus  a  separate  fracture  model  must  be  provided  in  the  code.  T wo 
options  have  been  provided  in  MESA  for  fracture  in  a  brittle  material  when  using  the  Steinberg  model. 
Eirsi  the  Johnson-Cook  ductile  fracture  model  constants  can  be  input  such  that  fracture  occurs  (damage 
=  1.0)  as  soon  as  a  small  amount  ot  strain  occurs.  Second  a  simple  maximum  principal  stress  criteria 
is  available.  In  this  model  the  ruaximum  principal  stress  is  calculated  for  each  cell  during  each  code  time 
cycle.  When  the  principal  stress  exceeds  an  input  value,  the  cell  is  considered  fractured.  In  a  fractured 
cell  the  strength  is  set  to  zero  in  tension. 

Miiieriiil  Coiiskiiiis  Avuiliihle 

The  constants  needed  tor  the  Steinberg  ceramics  model  and  the  Johnson-Holmquist  brittle  model  are 
derived  Irom  a  range  of  ceramics  experiments.  An  extensive  amount  of  work  is  needed  to  obtain  the 
needed  constants  for  a  given  material,  and  therefore,  constants  are  currently  available  for  a  only  a  few 
materials  for  each  of  ilie  models.  The  following  table  indicates  the  materials,  the  experiments  used  for 
each  material  m  this  study  and  the  model  for  which  constants  are  available  for  each  ceramic.  It  should 
be  noted  that  the  constants  may  vary  betw  een  ceramics  produced  by  dif  ferent  manufaetures  and  between 
different  samples.  In  general,  sets  ot  constants  for  these  variations  are  not  available. 
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Table  1.  Available  material  constants  and  experiments. 


MATERIAL 

1-D  PLATE 

TUNGSTEN 

IMPACT 

MODEL 
CONSTANTS 
AVAILABLE 
SC  =  Steinberg 
JH  =  Johnson- 
Holmquist 

SiC 

X 

SC,JH 

A  B 

JH 

AD  85 

X 

X 

JH 

AD  995 

SC 

PYROCERAM 

JH 

PSZ  (Zr02) 

X 

SC 

B4C 

X 

X 

SC 

TiB2 

X 

X 

SC 

AIN 

X 

SC.  JH 

COMPARISON  WITH  TUNGSTEN  ROD  IMPACTS 

Wise  and  Kipp  performed  a  number  of  experiments  in  which  small  tungsten  penetrators  impacted  steel 
and  also  a  number  of  ceramics.  A  copper  buffer 
was  attached  to  the  back  of  the  target,  and  the 
free  surface  velocity  was  measured  as  a  func¬ 
tion  of  time  at  the  back  of  the  copper.  A  sche¬ 
matic  of  the  experimental  setup  is  shown  in 
Fig.l. 

We  have  predicted  these  experiments  using  the 
MESA  2-D  code  containing  the  Steinberg  and 
Johnson-Holmquist  models.  In  or  jer  to  verify 
that  we  had  the  correct  geometrical  model  and 
code  input  constants,  the  steel  experiment  was 
first  predicted.  A  model  and  mesh  sensitivity 
study  was  also  performed.  The  results  are  pre¬ 
sented  in  the  following  sections.  The  computa¬ 
tional  mesh  consisted  of  square  celts.  Unless 
otherwise  noted  in  the  figures,  these  celts  were 
0.25  mm  on  each  side.  The  tungsten  penetrator 
was  2  mm  in  diameter  so  a  mesh  cell  of  length  Pig  p  mesa  schematic  for  the  wise  Kipp  Experiments. 

0.25  mm  on  each  side  results  in  8  cells  across 

the  rod.  The  targets  were  9.08  mm  to  10. 19  mm  in  thickne.ss,  and  the  copper  buffer  behind  the  target  was 
1 .94  to  2.0  mm  in  thickness.  Frequently  a  mesh  of  variable  size  is  used  in  order  to  reduce  computer  run 
times,  but  this  additional  variable  was  not  studied  in  the  current  work. 

The  ceramic  material  strength  was  modeled  using  either  the  Steinberg  ceramic  model  or  the  Johnson- 
Holmquist  model.  The  other  materials  were  assumed  to  be  elastic-perfectly  plastic;  that  is  the  yield 
strength  and  shear  modulus  were  constant  for  the  non-ceramic  materials. 

Steel 

The  steel  target  experiment  was  first  calculated  as  a  test  of  our  geometrical  setup  and  also  to  be  sure  that 
our  equation  of  state(EO.S)  and  material  constants  were  correct.  The  Us-Up  EOS  was  used  for  all 
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materials  in  this  experiment.  No  frac¬ 
ture  model  was  used  in  the  steel 
calculations,  but  a  minimum  tensile 
pressure  criterion  was  used.  The 
mesh  size  study  shown  in  Fig.  2 
indicates  that  a  0.50-mm  mesh  is  not 
converged.  A  0.  lO-mm  mesh  is 
slightly  different  from  the  0.25-mm 
mesh  and  a  little  further  from  the 
data.  The  0.25-mesh  results  are  in 
excellent  agreement  with  the  data 
except  for  a  small  disagreement  in 
the  initial  peak.  A  gap  existed  be¬ 
tween  the  tungsten  and  the  target  in 
the  MESA  setup  and  thus  times  are 
relative.  Therefore,  times  were 
shifted  to  bring  the  initial  velocity 
rises  into  agreement.  Based  on  these 
runs,  a  0.25-mm  mesh  was  chosen  as 
the  basis  for  the  ceramic  runs. 

Boron  Carbide  (B4C) 

The  B4C  0.10  mm  mesh  cell  compari¬ 
son  shown  in  Fig.  3  is  in  very  good 
agreement  with  the  data.  This  calcula¬ 
tion  was  done  with  the  Steinberg  ce¬ 
ramic  model  and  the  simple  maxi¬ 
mum  tensile  fracture  criterion.  The 
effect  of  the  maximum  principal  stress 
fracture  value.  CTtnax<  is  shown  in  Fig. 
4.  This  figure  indicates  that  the  results 
are  fairly  sensitive  to  the  tensile  stress 
value  chosen  for  fracture.  The  re¬ 
sults  in  Fig.  3  were  obtained  using  a 
1-kbar  value  of  (Tmax. 


When  examining  new  material 
strength  models,  it  is  useful  to  com¬ 
pare  them  to  the  simple  elastic-plas¬ 
tic  model  in  which  the  yield  strength 
and  shear  modulus  are  a  constant. 
This  comparison  for  boron  carbide  is 
shown  in  Figure  5.  The  elastic  plas¬ 
tic  model  results  in  the  correct  shape 
for  the  velocity/time  curve,  but  the 
magnitude  is  too  low,  A  different 
value  of  the  yield  stress  may  im¬ 
prove  the  agreement,  but  it  was  not 
felt  worthwhile  to  make  a  large  num¬ 
ber  of  elastic  plastic  calculations.  A 
no-strength  (hydro  only)  run  was 
also  made  in  order  to  see  the  effect  of 
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Fig.  2  Tungsten  Impacting  Steel  -  Mesh  Sensitivity. 


Fig.  3.  Prediction  of  Tungsten  Impacting  Boron  Carbide  -  Mesh  Sensitivity. 


TIME  ( [xsec  ) 

Fig.  4.  Prediction  of  Tungsten  Impacting  Boron  Carbide  - 
Effect  of  Tensile  Fracture  Value. 
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hydro-only  run  initially  is  in  good  agreement  with  the  data  but  has  the  wrong  slope  at  the  end  of  the  run. 
This  difference  may  be  due  to  the  lack  of  material  fracture  in  this  calculation. 

Alumina{Al203) 


For  alumina  we  initially  had  only 
model  constants  for  the  Johnson 
Holmquist  model,  and  therefore  this 
model  was  used  for  the  majority  of 
the  study.  Preliminary  constants  for 
alumina  (AD  995)  for  the  Steinberg 
ceramics  model  became  available  re¬ 
cently.  and  one  calculation  with  this 
model  is  also  included.  The  base 
results  are  shown  in  Fig.6.  The  agree¬ 
ment  between  the  calculations  and 
the  data  is  very  good  during  the  initial 
portion  of  the  predictions  but  be¬ 
comes  wor.se  during  the  latter  parts  of 
the  experiment.  More  work  is  needed 
to  determine  if  better  model  con¬ 
stants  would  improve  the  agreement, 
if  there  is  an  aspect  of  the  alumina  that 
is  not  being  considered,  or  if  basic 
model  improvements  are  required. 


The  alumina  used  in  this  experiment, 
as  well  as  in  the  1-D  plate  impact 
discussed  later,  was  believed  to  be 
very  porous  and  nonuniform.  (Grady, 

1991) .  The.se  characteristics  may  ac¬ 
count  for  the  difficulty  in  obtaining 
calculations  that  match  the  data.  In 
order  to  see  the  effect  of  porosity, 

MESA  calculations  were  performed 
for  porosities  of  2, 5,  and  1 1  percent  in 
addition  to  the  base  case  at  zero  po¬ 
rosity  (Unless  otherwise  indicated, 
all  results  in  this  paper  are  at  zero 
porosity).  Porosity  enters  these  calculations  only  through  a  modification  to  the  equation  of  state.  The 
results  are  shown  in  Fig.  7  for  the  Johnson-Holmquist  model.  A  two  percent  porosity  calculation  is  in 
much  better  agreement  with  the  data  than  the  other  calculations,  but  this  level  of  porosity  resulted  in 
a  worse  comparison  between  the  data  and  the  calculation  for  the  1-D  impact  (Mandell  and  Henninger, 

1992) .  The  effect  of  porosity  on  the  intact  and  fractured  material  strength,  which  was  not  taken  into 
account,  may  also  be  important. 

The  0. 1 0-and  0.25-mm  mesh  results  are  in  fairly  close  agreement,  as  seen  in  Fig.  8.  The  three  mesh  size 
calculations  are  converging  as  would  be  expected,  but  the  0.5-mm  mesh  is  clearly  bad. 

When  examining  new  material  strength  models,  it  is  instructive  to  compare  the  calculated  results  to 
results  using  a  simple  elastic-plastic  model.  These  results  are  shown  in  Fig.  9.  The  elastic-plastic  model 
without  a  fracture  model  agrees  very  poorly  with  the  data.  Thus,  one  can  conclude  that  the  fracture 
model  is  critical  to  accurately  predicting  these  types  of  experiments.  As  noted  previously,  the  Johnson- 
Holmquist  model  incorporates  a  fracture  model,  but  the  Steinberg  ceramic  model  requires  a  separate 
fracture  model. 
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Fig.  5.  Prediction  of  Tungsten  Impacting  Boron  Carbide 

Using  the  Elastic  Plastic  and  Tensile  Fracture  Models. 
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Fig.  6.  Prediction  of  Tungsten  Impacting  Alumina. 
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It  is  interesting  to  examine  the  computer  resources  needed  to  run  these  MESA  2D  calculations,  which 
were  run  on  a  Cray  Y-MP  computer.  Table  2  shows  the  computer  time  and  memory  needed  for  the 
calculations  at  the  three  mesh  spacings  using  the  Johnson-Holmquist  model. 


Table  2.  Required  MESA2D  Computer  Resources 


TOTAL  NUMBER 

HIS! 

OF  CELLS 

0.10 

150.4 

7.19 

160,000 

0.25 

12.0 

1.75 

25,600 

0.50 

2.0 

0.98 

6400 

As  shown  in  theTable  2,  it  is  desirable  to  do  parameter  studies  with  the  fewest  number  of  cells  possible 
and  then  do  a  confirmatory  calculation  with  the  number  of  cells  needed  for  mesh  convergence.  From 
the  above  results  it  appears  that  sufficient  cells  are  not  practical  in  3-D  calculations,  but  it  has  been 
found  that  a  mesh  of  square  cells  is  not  required.  Typically  a  variable  mesh  with  a  ratio  of  1 . 1  between 


adjacent  cells  can  be  used.  This  ratio  signifi¬ 
cantly  reduces  the  number  of  cells  required. 
Variable  meshes  were  not  studied  in  this 
work. 

Titanium  Dihoride  (TiB2) 

The  titanium  diboride  predictions  shown  in 
Fig.  10  are  clearly  in  poor  agreement  with 
the  data.  The  mesh  sensitivity  results  are  not 
converging  to  the  data  as  occurred  with  the 
alumina  and  .somewhat  with  the  steel  target. 
Steinberg  (Steinberg,  1990)  discusses  the 
fact  that  TiB2  has  a  number  of  unusual 
properties  including  a  possible  phase  transi¬ 
tion.  In  addition,  Steinberg  uses  a  nonlinear 
Us-Upequation  of  state  forTiB2,  and  MESA 
only  includes  a  linear  Us-Up.  Thus  we  did 
not  use  the  .same  EOS  model  in  MESA  as 
Steinberg  used  in  his  calculations  for  TiB2. 
The  results  Steinberg  presents  are  in  worse 
agreement  with  the  data  than  the  results  for 
the  other  materials  that  he  looked  at.  The  1- 
D  TiB2  results  presented  later  in  this  paper 
are  in  agreement  with  Steinberg’s  results, 
considering  differences  in  his  code  and  the 
MESA  codes.  Thus  we  cannot  expect  better 
agreement  in  the  results  of  Fig.  10. 

Figures  11-12  .show  the  mesh  and  model 
sensitivities  for  the  TiB2  calculations.  The 
tensile  fracture  value.  Fig.  1 1,  shows  again 
considerable  sensitivity  to  f^’e  .selected  value. 
Perhaps  a  more  sophisticated  fracture  model 
is  needed. 


TIME  ( lisec ) 

Fig.  7.  Prediction  of  Tungsten  Impacting 
Alumina  -  Effect  of  Porosity. 


TIME  ( ^sec ) 


Fig.  8.  Prediction  of  Tungsten  Impacting 
Alumina  -  Me.sh  Sensitivity. 


The  elastic-plastic  predictions  are  compared 
to  the  data  and  the  calculations  using  the 
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Steinberg  model  in  Fig.  1 2.  The  elas¬ 
tic-plastic  results  are  a  little  worse 
than  the  results  obtained  by  using  a 
variable  yield  stress  and  shear  modu¬ 
lus. 

COMPARISON  WITH 
1-D  PLATE  IMPACTS 

The  1-D  plate  impact  experiments 
involve  an  impactor  of  the  same  ma¬ 
terial  as  the  target  ceramic,  shot  into 
the  target  by  a  single  stage  powder 
gun.  The  target  was  backed  by  a 
lithium  floride  window. 

Interface  velocity  measurements  as  a 
function  of  time  were  made  at  the 
target  window  interface.  Experiments 
were  performed  at  two  nominal  impac¬ 
tor  velocities  -  one  near  1 .5  km/sec  and 
one  near  2.0  km/sec  -  for  each  ceramic. 
We  predicted  a  number  of  these  expert-  <o 
ments,  and  the  results  are  presented  in  E 
the  following  sections.  The  schematic  S 
for  the  MESA  geometrical  model  for  the  2 
1  -D  flyer  plate  experiments  is  shown  in  > 
Figure  13.  ^ 

Silicon  Carbide  (SiC)  [2 

Ul 

cc 

u. 

Silicon  carbide  interface  velocities  as  a 
function  of  time  are  presented  for  both 
models  and  for  velocities  of  1.542  km/ 
sec  and  2.1  km/sec.  In  addition  EPIC 
calculations  were  available  for  these 
experiments.  The  results  are  presented 
in  Figs  14-17. 

If  we  have  implemented  the  Johnson- 
Holmquist  model  correctly  in  MESA, 
then  the  MESA  and  EPIC  results  in 
Figs.  14  and  1 6  .should  agree  except  for 
differences  between  a  Lagrangian  code 
(EPIC)  and  an  Eulertan  code  (MESA) 
and  differences  in  the  problem  model. 
There  are  some  differences,  and  we 
believe  they  are  due  primarily  to  differ¬ 
ences  in  the  problem  setup,  such  as  the 
gap  and  closure  effects. 

The  calculated  results  using  the 
Steinberg  ceramic  model  are  in  good 
agreement  with  the  data.  It  should  be 
noted  that  the  Sandia  1-D  flyer  plate 
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Fig.  9.  Prediction  of  Tungsten  Impacting  Alumina  Using  The 
Ela.stic  Plastic  Strength  Model  and  Tensile  Fracture. 
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Fig.  10.  Prediction  of  Tungsten  Impacting  Titanium 
Diboride  -  Mesh  Sensitivity. 


Fig.  1 1 .  Prediction  of  Tung.sten  Impacting  Titanium 
Diboridc  -  Tensile  Fracture  Sensitivity. 
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data  were  used  in  developing 
Steinberg’s  model,  and  therefore  one 
would  expect  good  agreement.  These 
experiments  were  not  used  in  obtain¬ 
ing  the  constants  for  the  Johnson- 
Holmquist  model.  A  change  in  the 
constants  may  give  better  agreement 
between  the  calculations  and  the  data. 

Boron  Carbide  (B4C) 

The  boron  carbide  one-dimensional 
flyer  plate  predicted  interface  veloc¬ 
ity  results  as  a  function  of  time  are 
compared  to  the  data  obtained  from 
Sandia  National  Laboratories  in 
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Figs. 18  and  19.  The  low  velocity  Fig.  12.  Prediction  of  Tungsten  Impacting  Titanium  Diboride  Using  The 
( 1 .546  km/s)  calculated  results  have  Ela.stic-Plastic  And  Tensile  Fracture  Models. 

the  correct  shape  but  are  displaced  a 
small  amount  from  the  data.  The  high 

velocity  (2.21  km/s)  results  are  in  much  better  agreement  with  the  data.  Small  changes  in  the  strength 
or  fracture  model  constants  might  improve  the  low  velocity  results  but  this  change  has  not  been 


INTERFACE  VELOCITY 


Fig.  13.  Schematic  For  1-D  Flyer  Plate  Impacts. 


investigated  in  the  current  study. 


Titanium  Diboride  (TiB2) 

The  titanium  diboride  results  using 
the  Steinberg  ceramic  model  and 
the  maximum  principal  tensile  stress 
fracture  criteria  are  compared  to  the 
data  in  Figs.  20  and  2 1 .  The  predic¬ 
tions  are  in  poor  agreement  with  the 
data  as  were  the  tungsten  impact 
into  TiB2  results  discus.sed  previ¬ 
ously.  These  trends  are  similar  to 
those  obtained  by  Steinberg  using  a 
1-D  Lagrangian  code.  Clearly  fur¬ 
ther  work  is  required  on  TiB2. 
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Fig.  14.  Prediction  of  Silicon  Carbide  Flyer 

at  1542  m/s  -  Johnson-Holmquist  Model. 
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Alumina  (AI2O3) 

Alumina  1  -D  flyer  impact  data  was 
predicted  using  the  Johnson 
Holmquist  model,  and  the  results 
are  shown  in  Fig.  22  for  a  flyer 
velocity  of  1 .55  km/s  and  in  Fig.  23 
for  2.201  km/s.  As  seen  previously 
with  other  materials,  the  lower  ve¬ 
locity  predictions  are  considerably 
worse  than  the  higher  velocity  re¬ 
sults.  It  should  be  noted  that  an  EPIC 
calculation  was  available  at  2 1 00  m/ 
s,  and  the  MESA  calculation  was 
done  at  the  same  velocity.  A  MESA 
calculation  at  the  experimental  ve¬ 
locity  of  2201  was  only  slightlv  dif¬ 
ferent  from  the  2100  m/s  calcula¬ 
tion.  The  excellent  agreement  be¬ 
tween  the  EPIC  and  MESA  results 
indicates  that  the  model  was  imple¬ 
mented  into  MESA  correctly.  Fur¬ 
ther  work  is  needed  in  understanding 
the  behavior  of  alumina  including 
the  influence  of  different  samples  on 
the  model  constants. 

CONCLUSIONS 
AND  RECOMMENDATIONS 

We  have  implemented  the  Johnson- 
Holmquist  brittle  model,  which  in¬ 
cludes  material  strength  and  fracture 
features,  and  the  Steinberg  ceramic 
model,  which  requires  a  separate  frac¬ 
ture  model,  into  the  MESA2D  code. 
The  Steinberg  model  has  also  been 
implemented  into  MES  A3D.  A  simple 
maximum  principal  tensile  stress  frac¬ 
ture  criterion  was  implemented  for 
use  with  the  Steinberg  model.  Com¬ 
parisons  of  results  predicted  by  the 
EPIC  and  MESA  hydrocodes  implies 
that  the  Johnson-Holmquist  model 
was  implemented  correctly  in  MES  A. 

One-dimensional  flyer  plate  impact 
experiments  and  two-dimensional 
penetration  experiments  conducted  at 
Sandia  National  Laboratories  were 
predicted  using  the  above  models. 


Fig.  15.  Prediction  of  Silicon  Carbide  Flyer 

at  1542  tns  Using  the  Steinberg  Model. 


Fig.  16.  Prediction  of  Sillicon  Carbide  Flyer  at  2100  m/s 
Using  the  Johnson-Holmquist  Model. 


2100  m/s  Using  the  Steinberg  Model. 
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These  results  were  obtained  for  a 
number  of  ceramics  -  silicon  car¬ 
bide,  boron  carbide,  titanium 
diboride,  and  alumina.  Good  agree¬ 
ment  between  the  predictions  and 
the  experiments  was  obtained  for 
some  of  the  materials,  but  poor 
agreement  was  obtained  in  other 
cases.  In  particular  the  silicon  car¬ 
bide  and  boron  carbide  results  were 
good,  and  the  alumina  and  titanium 
diboride  results  were  poor.  A  better 
understanding  of  the  material  prop¬ 
erties  that  influence  the  calculations 
is  needed  in  order  to  determine  what 
improvements,  if  any,  are  needed  in 
the  material  models. 


Fig.  18.  Prediction  of  Boron  Carbide  Flyer  at 
1546  m/s  Using  the  Steinberg  Model. 


Fig.  19.  Prediction  of  Boron  Carbide  Flyer  at  2210 
m/s  Using  the  Steinberg  Model. 


Fig.  20.  Prediction  of  Titanium  Diboride  Flyer  at  1515 
m/s  Using  the  Steinberg  Model. 
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Fig.  21.  Prediction  of  Titanium  Diboride  Flyer  at  21 1.^  m/s 
Using  the  Steinberg  Model. 
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Fig.  22  Predection  of  Alumina  Flyer  At  1550  m/s 
Using  The  Johnson-Holmquist  Model. 


Fig.  23.  Prediction  of  alumina  Flyer  at  2201  m/s 
Using  The  Johnson-Holmquist  Model. 
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A  number  of  additional  ceramic  material  models  have  been  or  are  being  developed.  We  hope  to  implement 
other  models  into  MESA  so  that  these  models  can  be  compared  to  the  two  models  discussed  herein.  In 
particular  the  ISO-SCM  model  (Addessio,  et  at.  1990)  is  a  candidate  for  implementation  in  the  future. 
Predictions  need  to  be  made  for  a  better  characterized  alumina  in  order  to  determine  if  the  poor  alumina  results 
are  due  to  the  material.  Additional  ceramic  model  work  is  needed  before  a  reliable  design  tool  is  achieved. 
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ABSTRACT 

This  paper  reports  results  from  the  study  of  dynamic  plastic  deformation  produced  in  OFE  copper 
specimens  by  symmetric  rod  impact  (rod-on-rod)  tests.  The  study  was  performed  by  post-test  sectioning 
of  the  specimens  and  examination  of  their  microstructure  using  relatively  low  magnification  optical 
microscopy.  Particular  emphasis  was  placed  on  porosity  as  a  microstructural  feature  that  relates  directly 
to  damage  theories  of  constitutive  behavior. 


INTRODUCTION 

Following  World  War  II,  Taylor  (1947)  and  Whiffin  (1947)  published  the  technique  of  impacting  a  cylindrical 
specimen  against  a  massive  anvil  and  the  concomitant  elementary  analysis  that  estimates  the  specimen 
flow  stress  from  its  post-test  deformation.  Since  then,  this  test  has  remained  a  means  of  primary  importance 
in  determining  dynamic  mechanical  properties  of  ductile  materials.  As  high-speed,  large  capacity 
computers  came  into  general  use,  highly  sophisticated  numerical  analyses  were  applied  to  this  test. 
Uncertainties  concerning  friction,  compliance,  and  impedance,  at  the  specimen-anvil  interface  eventually 
led  Erlich  etal.,  (1981)  to  modify  this  test  by  impacting  a  pair  of  identical  rods,  one  against  the  other.  This 
form  of  the  test  is  generally  referred  to  as  a  symmetric  rod  impact  test  or  a  rod-on-rod  (ROR)  test,  whereas 
the  original  rod  against  anvil  experiment  is  often  called  a  Taylor  test.  This  paper  reports  results  from  the 
study  of  deformation  damage  produced  in  ROR  impact  testing. 

The  study  was  performed  by  post-test  sectioning  of  the  specimens  and  examination  of  their  microstructures 
using  relatively  low  magnification  optical  microscopy.  Particular  emphasis  was  placed  on  porosity,  or  the 
lack  thereof. 

Metallographic  analysis  of  impact  specimens  subject  to  high  strain  rates  provides  insight  into  continuum 
processes,  such  as  plasticity  and  damage.  The  objective  of  this  paper  is  to  describe  and  compare  the 
observed  microstructure  of  Oxygen  Free  Electronic  (OFE)  Copper  ROR  specimens  tested  at  different 
impact  velocities. 


EXPERIMENTAL 

The  material  used  in  these  ROR  impact  tests  was  OFE  copper.  However,  two  different  initial  grain  sizes 
were  used,  75  and  40  pm.  Specimens  were  cut  to  length  from  cylindrical  rod  stock  of  an  initial  diameter  of 
7.94  mm  and  then  turned  to  a  final  diameter  of  7.62  mm  to  match  the  bore  of  the  mann  barrel.  Material  to 
be  tested  was  annealed  at  600°C  for  one  hour  in  a  vacuum  and  the  final  average  grain  size  of  the  specimens 
tested  was  75  and  40  pm,  as  shown  in  Fig.  1.  The  large  grain  material  was  impacted  at  392  m/s  and 
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Fig.  1.  Initial  microstructure  of  OFE  copper  material,  a)  5  micron 
average  grain  size,  b)  40  micron  average  grain  size. 


300  m/s.  The  fine  grain  material  was  impacted  at  233  m/s.  Complete  details  of  the  experimental  apparatus, 
data  acquisition  techniques,  and  interpretation  are  presented  elsewhere  (House  et  al..  1992). 

Recovered  ROR  specimens  were  sectioned  along  the  axis  of  the  rod.  Sectioning  of  the  rods  was 
accomplished  using  a  diamond  abrasive  cutting  wheel.  After  mounting  in  cold  mount  epoxy,  the  specimens 
were  ground  and  polished  using  standard  methods  for  preparing  copper  materials.  Final  polishing  was 
completed  using  0.05  pm  alumina  abrasive.  Dichromate  etch  was  applied  to  reveal  grain  structure.  The 
specimens  were  then  viewed  under  an  optical  microscope  at  SOX  magnification  for  microstructural  analysis. 


RESULTS  AND  DISCUSSION 

Figure  2  is  a  montage  created  from  photomicrographs  originally  taken  at  SOX  magnification.  The  test 
specimens  had  been  impacted  together  at  392  m/s.  The  montage  details  a  midplane  of  the  impactor  and 
receptor  rods,  from  the  impact  interface  back  to  near  the  undeformed  regions  of  each.  By  enlarging  this 
area  of  interest  under  the  microscope,  microstructural  features  in  the  plastically  deformed  region  are  clearly 
observed. 

As  expected,  grains  near  the  impact  interface  and  near  the  specimen  axis  had  collapsed  under  the  large 
compressive  load.  The  post-impact  structure  has  flat,  pancake-shaped  grains  parallel  to  the  impact  face 
as  shown  in  location  a  of  Fig.  2.  Similar  deformation  is  observed  to  different  degrees  throughout  the 
mushroomed  region  However,  it  is  most  severe  nearest  the  impact  face  and  nearest  the  axis. 

Of  particular  interest,  however,  are  voids  observed  along  the  axis  riear  the  impact  face  in  both  the  impactor 
and  receptor,  location  b.  Typically,  these  cavities  are  non-symmetric.  In  order  to  assess  whether  the 
observed  porosity  resulted  from  metallographic  polishing,  the  mating  surfaces  to  those  shown  in  Fig.  2  were 
polished  using  a  different  technique.  The  voids  observed  in  these  mating  surfaces  matched  those  in  the 
figure.  Thus,  we  believe  the  observed  damage  was  produced  during  the  impact  event 


The  void  porosity,  or  damage,  results  from  strong  tensile  release  waves  that  propagate  from  the  lateral  free 
surface  of  the  rods  after  the  initial  compressive  wave.  These  tensile  release  waves  focus  on  the  rod  axis 
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Fig.  2.  Deformed  micros!  jcture  of  75  |im  copper  impacted  at  392  m/s. 


to  create  a  very  high,  radial  tensile  stress.  This  stress  causes  microvoids  to  nucleate  and  grow.  Close 
inspection  reveals  that  the  nucleation  sites  are  along  grain  boundaries  with  void  growth,  or  link  up,  occurring 
along  grain  boundaries  as  well. 

Christy  etal.,  (1986)  reported  on  microstructural  features  of  similar  OFE  copper  shock  loaded  in  flyer  plate 
experiments.  They  reported  that  in  large  grain  copper.  250  pm  and  90  pm  material,  void  nucleation  and 
growth  occurred  at  grain  boundaries.  The  average  grain  size  of  the  material  in  Fig.  la  is  75  ±12  pm  as 
determined  by  the  linear  interc<=pt  method. 

Figure  3  shows  results  from  a  test  conducted  at  300  m/s  with  the  75  pm  copper.  Comparison  between  Figs. 
2  and  3  shows  similar  grain  deformation  has  occurred  at  the  impact  interface  nearest  the  rod  axis.  Void 
nucleation  has  occurred  and  appears  to  be  associated  wit!'  the  grain  boundaries  of  the  material.  In  general, 
Fig .  3  reveals  a  smaller  void  size  which  is  consistent  with  a  lower  impact  velocity.  The  amplitude  of  the  initial 
compressive  and  tensile  release  waves  are  impact  velocity  dependent. 

Figure  4  shows  results  from  a  test  conducted  at  233  m/s  with  the  40  pm  copper.  Comparison  with  the 
75  pm  material  shows  similar  types  of  grain  deformation.  However,  the  void  porosity  on  the  rod  axis  nearest 
the  interface  has  now  increased,  and  the  geometric  shape  of  the  voids  is  spherical.  The  increased  void 
porosity,  for  a  lower  impact  velocity  experiment,  indicates  a  relationship  between  the  stress  state  in  the 
material  and  the  grain  size. 

Christy  et  a/.,  also  experimented  with  finer  grain,  20  pm,  copper  and  with  cold  worked  copper.  These 
materials  revealed  a  change  in  phenomenology  associated  with  void  nucleation  and  growth.  In  these 
materials,  Christy  et  a!.,  observed  that  the  nucleaLon  sites  for  voids  were  occurring  as  often  in  the  matrix 
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Fig.  3,  Deformed  microstructure  of  75  pm  copper  impacted  at  300  m/s. 


as  they  did  at  the  grain  boundary.  Propagation  of  the  voids  in  fine  grain  and  cold  worked  copper  was 
occurring  by  transgranular  growth.  These  observations  are  consistent  with  the  results  seen  in  Fig.  4. 

Grain  size  studies  show  that  a  small  grain  material  will  harden  faster  at  low  levels  of  strain  than  does  a  larger 
grain  material.  This  phenomena  is  related  to  the  grain  boundary  surface  area  per  unit  volume  and  to  the 
strain  compatibility  requirements  between  neighboring  grains.  Under  an  applied  load,  grain  boundaries  act 
to  create  dislocation  pile-ups  and  can  be  sinks  for  dislocation  annihilation.  Because  of  a  high  volume  fraction 
of  grain  boundary,  a  fine  grain  material  tends  to  harden  rapidly  at  low  strain  levels  and  to  have  a  relatively 
homogeneous  distribution  of  dislocations. 

Copper  with  a  large  grain  size  has  a  lower  volume  fraction  of  grain  boundary,  it  tends  to  harden  more  slowly 
and  to  have,  initially,  a  more  heterogeneous  distribution  of  dislocations.  In  larger  grain  material,  regions 
adjacent  to  grain  boundaries  have  a  high  dislocation  density,  whereas  in  the  inner  matrix  material  the 
dislocation  density  remains  relatively  low.  Consequently,  under  the  stress  state  created  by  tensile  release 
waves,  the  large  grain  material  hardens  along  the  grain  boundaries  where  eventually  the  stress  state  will 
cause  void  nucleation  to  occur.  Once  nucleated,  voids  in  the  material  will  propagate  along  the  grain 
boundaries  where  the  eneigy  requirement  for  crack  growth  will  be  lowest. 

Under  the  same  stress  state,  fine  grain  materials  will  uniformly  harden  both  at  the  grain  boundary  and  in 
the  matrix.  This  condition  makes  the  probability  of  void  nucleation  at  the  grain  boundary  versus  the  matrix 


approximately  equal.  Once  nucleated,  voids  grow  in  accordance  with  the  local  stress  condition,  given  that 
uniform  hardness  exists  in  the  surrounding  regions.  This  pattern  of  void  growth  is  consistent  with  that 
observed  in  Fig.  4. 

There  is  a  highly  important  relationship  of  these  observations  to  hypervelocity  impact  phenomena.  In  recent 
years,  various  damage  models  of  material  behavior  have  been  incorporated  into  the  constitutive  relations 
that  are  used  to  calculate  —  or  predict  —  the  deformation  response  of  materials  under  hypervelocity  impact. 
The  postulated  damage  is  usually  m  the  form  of  porosity  Often,  an  evolutionary  equation  is  used  that 
associates  a  porosity  growth  rate  with  a  tensile  hydrostatic  stress,  and  no  change  when  the  hydrostatic 
stress  IS  compressive.  Accumulation  of  porosity  has  two  effects  on  the  material:  it  increases  true  stress 
because  the  internal  load  is  transmitted  through  less  material,  and  it  facilitates  fracture.  These  material 
models,  therefore,  can  be  very  important  m  describing  such  hypervelocity  impact  phenomena  as.  for 
example,  spallation. 

Damage  models  of  material  behavior  have  been  motivated  by  observations  of  porosity  in  the  necked  regions 
of  ductile  metal  tension  test  specimens.  However,  the  mechanical  behavior  of  materials  is  generally 
affected  by  deformation  rate.  Hence  observations  of  damage  under  pseudo-static  test  conditions  need  not 
describe  what  occurs  during  hypervelocity  impact.  The  present  tests  and  observations  are  a  small  step  on 
the  long  road  to  producing  a  quantified  damage  theory  applicable  at  high  rates  of  deformation. 
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Deformed  microstructure  of  40  iim  copper  impacted  at  233  m  s 
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One  significant  difference  arises  in  the  quantitative  interpretation  of  porosity  between  high-speed  ROR  tests 
and  pseudo-static  tension  tests.  In  the  latter,  the  hydrostatic  stress  is  somewhat  uniform  over  any  cross- 
section  of  the  specimen,  even  after  severe  necking.  Consequently,  the  area  fraction  of  porosity  on  any 
cross-section  can  be  easily  calculated  and  from  it  the  volume  fraction  (that  appears  in  most  theories)  can 
be  readily  found.  By  contrast,  the  stress  state  in  an  ROR  specimen  is  much  more  variable.  There  are  axial 
and  time  variations  as  in  the  tension  specimen,  but.  unlike  the  tension  specimen,  there  are  large  radial 
variations  in  stress.  In  fact,  except  near  transverse  free  surfaces,  the  only  region  of  the  specimen  in  which 
the  hydrostatic  stress  can  become  tensile  is  the  longitudinal  axis.  Radial  waves  from  the  lateral  surface 
propagate  tensile  (release)  stresses  towards  the  specimen  axis.  As  they  converge  on  the  axis,  they  amplify 
and  produce  extremely  high  hydrostatic  tensions  in  this  region  even  though  the  axial  stress  component 
remiains  compressive.  This  description  is  consistent  with  the  observations  of  porosity  near  the  specimen 
axis  and  complete  absence  thereof  near  the  lateral  surface  (Worswick  et  at.,  1991).  This  leads  to  the 
conclusion  that  there  is  a  radial  variation  in  fractional  porosity  from  center  to  surface,  which  raises  the 
question  of  what  total  area  should  be  used  to  calculate  an  area  fraction. 


CONCLUSIONS 

Microstructural  features  such  as  grain  deformation  and  porosity  have  been  examined  in  specimens 
recovered  from  ROR  impact  tests.  These  experiments  revealed  that  grain  size  played  a  major  role  in 
determining  the  hardening  and  void  growth  characteristics  of  OFE  copper.  Experiments  with  75  pm  material 
at  392  m/s  and  300  m/s  showed  a  smaller  void  size  at  the  lower  velocity.  An  experiment  conducted  with 
40  pm  material  at  233  m/s  showed  a  striking  increase  in  void  porosity  and  a  general  change  in  void  geometry. 
This  demonstrates  the  influence  of  the  grain  boundary  causing  more  rapid  hardening  of  the  fine  grain 
material  than  in  the  larger  grain  material.  The  ROR  impact  test  has  proven  to  be  a  useful  experiment  for 
studying  high  strain-rate  deformation  when  combined  with  an  analysis  of  internal  material  damage. 
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ABSTRACT 

The  relationship  of  the  mass,  velocity,  and  density  of  an  impacting  projectile  to  the  hole  formed  as  a 
consequence  of  a  hypervelocity  penetration  is  a  subject  of  great  importance  in  the  study  of  Interplanetary 
Dust  Particles  and  Orbital  Debris.  During  the  past  twenty  years  extensive  efforts  have  been  made  in 
developing  computational  procedures  that  model  hypervelocity  impacts.  The  vast  majority  of  these  projects 
have  used  hydrodynamic  equations  with  either  a  Lagrangian  oi  Eulerian  grid  or  some  hybrid  of  the  two  forms. 
Another  numerical  procedure  that  can  be  applied  to  the  study  of  hypervelocity  penetrations  is  molecular 
dynamics  (MD).  The  appeal  of  MD  to  the  problem  of  hypervelocity  impacts  lies  in  the  fact  that  the 
thermodynamic  variables  of  pressure,  temperature,  and  density  are  found  independently  of  each  other 
without  requiring  an  equation  of  state.  The  primary  disadvantage  of  MD  is  the  size  of  the  system  that  can 
be  effectively  modeled.  In  this  paper  six  different  hypervelocity  impacts  are  considered  using  MD  and  the 
hydrocode  CTH  developed  at  Sandia  National  Laboratories.  The  six  impacts  consist  of  a  cube  impacting  a 
thin  film  at  7, 9,  and  1 1  km/s  with  an  aspect  ratio  of  one  to  one  and  two  to  one.  The  time  evolution  of  the 
density,  pressure,  and  temperature  are  compared  for  each  of  the  methods.  Finally  the  hole  size  created  by 
the  impacts  are  calculated  for  each  method,  and  the  results  compared.  Conclusions  about  the  effectiveness 
of  MD  are  offered  with  suggestions  for  future  work. 

INTRODUCTION 

The  scientific  community  interested  in  hypcrvelocity  impact  phenomena  has  utilized  hydrocodes  for  over 
twenty  years  to  study  subjects  as  penetrations,  crater  formations,  debris  clouds,  and  ejecta  spray.  Considerable 
effort  has  been  devoted  to  the  development  of  numerical  techniques  such  as  molecular  dynamics  and  the 
Metropol  is  Monte  Carlo  to  model  liquids  on  the  molecular  level .  For  a  good  overview  of  the  use  of  computers 
to  study  liquids  see  Allen  and  Tildesley  (1987).  Several  years  ago  Holian  (1987)  used  MD  to  study  debris 
cloud  formation  in  the  case  of  a  hypcrvelocity  impact  of  a  lead  ball  on  a  lead  plate.  More  recently  Hoover 
(1992)  has  used  MD  to  study  plastics  deformation  in  an  amorphous  solid  comparing  the  results  to  those 
obtained  using  a  two  dimensional  Lagrangian  code  and  suggested  the  development  of  a  hybrid  code.  In  this 
paper  the  techniques  of  MD  are  applied  to  several  cases  of  an  aluminum  cube  hitting  an  aluminum  film.  The 
Eulerian  hydrocode  CTH  is  used  to  model  the  impact  of  a  cube  hitting  a  5(X)  A  thin  film  with  an  aspect  ratio 
of  one  to  one  and  two  to  one.  A  Lennard- Jones  potential  is  used  in  a  MD  simulation  to  model  an  impact  with 
the  same  aspect  ratios  with  a  film  whose  thickness  is  16.2  A.  A  scaling  factor  is  employed  to  examine  the 
impacts  at  times  that  correspond  to  the  same  stage  in  the  hypcrveloc  i  ty  impact.  The  results  for  the  hole  created 
by  the  penetration  are  compared  in  an  effort  to  arrive  at  an  understanding  of  the  effectiveness  of  MD  in 


studying  long  tinte  macroscopic  phenomena. 


MOLECULAR  DYNAMICS  AND  HYDRODYNAMICS 

Since  the  determination  in  the  last  century  that  ail  matter  is  composed  of  atoms,  scientists  have  attempted 
to  determine  how  macroscopic  phenomena  arises  from  interatomic  or  intermolecular  interactions.  It  is  not 
possible  or  necessary  here  to  consider  the  details  involve.d  in  the  study  of  kinetic  theory  and  molecular 
hydrodynamics.  It  is  only  necessary  for  the  purposes  of  this  paper  to  note  that  for  any  quantity  x  that  is 
conserved  in  a  molecular  collision  then  it  is  possible  to  arrive  at  a  general  conservation  law  (Huang  1987), 


where  n  is  the  number  distribution,  x  is  the  physical  quantity  of  interest  such  as  mass,  momentum,  and  energy, 
vj  is  the  velocity  of  the  ith  particle,  and  Fj  is  the  ith  component  of  the  external  force  such  as  gravity.  By 
considering  a  system  with  no  external  forces  that  possesses  a  local  Maxwell-Boltzmann  distribution  with  a 
correction  term  one  finds  the  conservation  equations  that  form  the  basis  of  hydrodynamics  (Huang  1987). 
To  stay  consistent  with  the  assumptions  employed  in  finding  these  relationships  it  is  necessary  to  choose  an 
intermolecular  potential  whose  interacting  length  is  on  the  order  of  Angstroms.  One  such  potential 
commonly  used  in  MD  is  the  Leonard- Jones  potential. 


O(0=4E[(3p.(^f] 

The  values  for  the  two  parameters  in  the  Leonard- Jones  potential  are  determined  by  using  the  relationship 
that  the  cohesive  energy  is  Ecoh  =-8.6e  and  the  nearest  neighbor  distance  in  equilibrium  is  given  by  ro=  1 .09a 
(Ashcroft  and  Mermin  1976).  Using  the  experimentally  determined  values  for  the  cohesive  energy  and  the 
nearest  neighbor  distance  for  aluminum,  one  finds  the  values  for  the  Lennard-Jones  parameters:  e  and  a. 


The  temperature  is  found  using  the  expression  (Plischke  and  Bergson  1989) 


(3) 

where  T(t)  is  the  instantaneous  temperature,  N  is  the  number  of  molecules,  m  is  the  mass  of  the  molecules 
(here  assumed  to  be  the  same),  and  vi(t)  is  the  instantaneous  velocity  of  the  ith  panicles.  The  pressure  is  found 
using  the  equation  (Plischke  and  Bergson  1989) 

P(t)  =  NkBT(t)  +  J-X  [i^)  -  r“a)]-^) 

V  6V  i*j  (4) 

where  P(t)  is  the  pressure  at  a  given  time  t ,  V  is  the  volume  n  is  the  position  of  the  ith  panicle  and  Fjj  is  the 
force  between  the  ith  and  jth  particles  which  should  not  be  confused  with  the  external  force  contained  in 
equation  (I). 

CTH  AND  MOLECULAR  DYNAMICS  PROCEDURES 

The  hydrocode  CTH  developed  at  Sandia  National  Laboratories  has  been  used  at  the  Baylor  University  Space 
Science  Laboratory  (BUSSL)  for  several  years  toconduct  theoretical  investigations  of  thin  film  penetrations. 
This  work  was  motivated  by  the  flying  of  several  experiments  using  thin  films  on  several  shuttle  missions 
and  an  experiment  currently  being  flown  as  part  of  the  European  Retrievable  Carrier  1  mission.  The 
impacting  particles  studied  are  spheres  traveling  at  orbital  and  interplanetary  velocities  hitting  a  thin  film. 
The  size  of  the  film  selected  for  investigation  using  CTH  corresponds  to  the  surface  area  and  thickness  of 
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the  film  used  in  the  in-situ  experiment.  For  comparison  with  results  obtained  by  MD  the  geometry  of  the 
particle  was  altered  to  a  cube  with  all  the  other  parameters  kept  the  same.  The  computational  calculations 
that  were  completed  for  CTH  used  200  x  400  cells  covering  an  area  of  1 60  x  200  microns  squared  with  each 
zone  being  50  A  on  a  side.  The  minimum  time  step  employed  for  the  runs  was  5x10'*^  seconds  with  an 
average  of  3x  lO"'^  seconds.  The  thicknc.ss  of  the  film  (Tf)  was  500  A  and  possessed  a  width  of  10,000  A. 
The  width  and  cell  size  were  chosen  to  allow  the  system  a  sufficient  space  to  allow  the  creation  of  a 
penetration  hole,  and  to  compare  with  experimental  results  reported  in  a  companion  paper  (Tanner  1992). 
The  equation  of  state  employed  was  Mie-Griineisen  for  aluminum,  and  the  velocities  of  the  impacting 
projectile  (vp)  were  the  same  as  those  used  in  the  MD  simulations  discussed  below. 

In  addition  to  hydrocodc  calculations  BUSSL  has  been  using  MD  tostudy  hypcrvelocity  penetrations  of  thin 
films  for  different  velocities  under  a  given  potential  (McDonald  1991).  Once  a  potential  has  been  selected, 
MD  consists  in  numerically  solving  the  Newtonian  equations  of  motion  for  the  system  of  N  particles.  In  the 
MD  simulations  considered  here  the  potential  was  truncated  at  1 .78a.  The  net  cube  approximation  (Arnold 
and  Mau.ser  1990)  was  used  as  a  bookkeeping  procedure  to  eliminate  calculating  most  of  the  forces  between 
particles  whose  distance  exceed  the  truncation  distance.  A  film  consisting  of  92 1 6  particles,  whose  thickness 
was  16.2  A  with  a  surface  area  36  times  the  thickness,  was  equilibrated  at  room  temperature.  The  face  of 
the  film  was  laid  in  the  XZ  plane  so  that  the  velocity  component  normal  to  the  film’s  face  is  in  the  y  direction. 
Two  projectiles,  one  of  which  had  a  dimension  of  16.2  x  16.2  x  1 6.2  A^  was  composed  of  256  particles  and 
the  second  with  one  dimension  twice  as  long  as  the  first  with  double  the  number  of  particles,  were  also 
equilibrated  at  room  temperature.  Three  velocities:  (7,  9  and  1 1  km/seconds  in  the  y  direction)  were 
considered  for  both  projectiles.  Since  the  thickness  of  the  film  used  in  the  MD  computer  simulations  is 
significantly  smaller  than  that  employed  in  the  hydrocodc,  a  scaling  element  was  used  to  make  comparison 
possible  between  the  two  systems.  In  order  to  compare  the  size  of  the  hole  generated  by  the  hypcrvelocity 
penetration,  a  time  scaling  clement  (TSE)  was  used.  A  TSE  is  the  time  for  a  projectile  to  travel  the  thickness 
of  the  film,  i.c,  Tf/vp.  Two  sets  of  runs  using  MD  were  made.  The  first  saved  the  positions  and  velocities 
of  all  the  particles  in  the  system  every  TSE,  and  this  information  is  used  to  study  the  thermodynamic  behavior 
of  the  system  and  the  formation  of  the  hole  growth  which  is  presented  below.  The  def ^nitions  for  temperature 
and  pressure  given  in  cqns.  (3)  and  (4)  were  used  to  calculate  the  thermodynamic  values  inside  a  predefined 
fixed  volume  of  space  that  the  particles  were  free  to  move  through.  Two  fixed  Eulerian  Grids  were  used  to 
show  the  time  evolution  of  the  system  during  the  six  impacts.  The  first  was  an  XZ  view  of  the  volume 
originally  occupied  by  the  thin  fi  Im .  The  second  is  a  YZ  plot  which  is  the  impact  as  if  viewed  from  a  distance. 
After  examination  of  the  thermodynamic  data  it  became  clear  that  saving  the  data  every  TSE  provided  loo 
coarse  of  a  sampling  rate  to  watch  the  thermodynamic  response  at  the  earliest  stages  of  the  impact.  Therefore 
a  second  group  of  computer  runs  using  MD,  covering  a  shorter  time  period  (t  <  6  TSE’s),  saved  the  positions 
and  velocities  of  the  particles  in  the  system  at  a  higher  sampling  rate.  This  data  was  used  to  calculate  the 
thermodynamic  variables  at  the  earliest  stages  of  the  impact  which  is  considered  below. 

MD  RESULTS  AND  CTH  RESULTS 

As  mentioned  above  the  Tf/vp  normalization  factor  was  u.scd  to  provide  points  of  comparison  between  each 
of  the  impacts  in  the  behavior  of  the  pres.surc,  temperature,  and  density.  Figures  1  through  4  show  the  time 
evolution  of  the  density  in  two  views;  one  of  the  XZ  plane  whose  dimensions  correspond  to  the  original 
volume  of  the  film  and  the  second  which  is  viewing  the  impact  from  far  away  in  the  YZ  plane.  The  XZ  plots 
of  the  density  show  that  for  the  7  km/s  impact  there  exist  three  distinct  regions  of  density.  These  arc  the 
original  density  of  the  film,  an  area  of  smaller  density  corresponding  to  approximately  1 .3  to  1 .7  gm/cm^, 
and  the  final  region  is  an  area  of  zero  density  that  is  u.scd  to  determine  the  hole  size.  This  three  tiered 
distribution  of  the  density  is  also  apparent  in  the  9  km/s  impact,  but  the  size  of  the  second  region  has  decreased 
while  the  area  of  zero  density  has  incrca.scd.  In  the  1 1  km/s  impact  the  middle  den.sily  values  form  a  very 
thin  ring  around  the  zero  density  region.  A  possible  explanation  for  these  results  lies  in  the  mixture  of 
penetration  and  cratering  phenomena  at  the  lower  velocities.  An  examination  of  the  YZ  plots  of  the  density 
supports  this  possibility.  Note  that  for  the  impact  at  7  km/s  with  an  aspect  ratio  of  one  to  one  a  bowing  of 
the  film  appears  to  be  occurring  with  very  little  .spall  coming  off  the  back  edges  of  the  film.  A  debris  cloud 
is  also  not  in  evidence  for  the  one  to  one  7  km/s  impact.  Such  a  debris  cloud  and  spall  is  evident  for  the  9 
and  1 1  km/s  runs.  Noiclhccomplctcabscnceofbowingofthcfilmal  1 1  km/s.  This  suggests  that  the  energy 


V  =  7  km/s  V  =  9  km/s  v  =  1 1  km/ 

Fig.  1 .  XZ  plol-s  of  the  lime  evolution  of  the  density  during  the  normal  impacts  with  an  aspect  ratio  of 
one  to  one.  Each  frame  is  a  Time  Scaling  Element  (TSE). 


V  =  7  km/s  V  =  9  km/s  v  =  1 1  km/ 


Fig.  2.  XZ  plots  of  the  time  evolution  of  the  density  during  the  normal  impacts  with  an  aspect  ratio  of 
one  to  one.  Each  frame  is  a  Time  Scaling  Element  (TSE). 
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Fig.  3.  YZ  plots  of  the  time  evolution  of  the  density  during  the  normal  impacts  with  an  aspect  ratio  of 
one  to  one.  Each  frame  is  a  Time  Scaling  Element  (TSE). 
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Fig.  4.  YZ  plots  of  the  time  evolution  of  the  density  during  the  normal  impacts  with  an  aspect  ratio  of 

one  to  one.  Eiach  frame  is  a  Time  Scaling  Element  (TSE). 
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level  at  this  velocity  is  sufficient  to  allow  a  penetration  with  almost  none  of  the  features  of  a  cratering  event. 
These  basic  features  are  retained  in  the  impacts  with  a  two  to  one  aspect  ratio  with  the  expected  exception 
that  the  penetration  has  improved  for  the  long  rod. 

The  stopping  point  for  the  computer  experiments,  conducted  using  the  hydrocode  CTH  varied  with  the 
impact.  The  criteria  used  for  determining  when  the  hypcrvelocity  event  had  finished  was  that  the  pressure 
has  reduced  to  the  level  of  background.  The  stopping  point  for  the  impact  at  7  km/s  for  both  aspect  ratios 
was  14  TSE’s.  Sixteen  and  18  TSE’s  were  the  end  points  for  the  one  to  one  and  two  to  one  9  km/s  impacts 
respectively.  The  stopping  points  for  the  1 1  km/s  impacts  were  17  and  22  TSE’s.  Figures  5  and  6  show  the 
two  dimensional  density  and  pressure  distribution  in  the  thin  film  and  the  debris  cloud  at  the  final  time. 
Comparing  these  results  with  the  Figs.  1  through  4  one  immediate  difference  is  the  length  of  the  film  in  the 
CTH  runs  was  20  times  larger  than  its  thickness,  while  the  MD  simulations  used  a  film  whose  dimensions 
normal  to  the  thickness  was  six  times  larger  than  that  used  for  the  Tf.  The  other  fact  that  is  apparent  when 
comparing  the  two  results  is  that  for  the  impacts  at  7  and  9  km/s  the  hole  formation  has  not  stabilized  at  14 
TSE’s.  Only  in  the  1 1  km/s  impact  docs  the  event  appear  to  be  over.  The  reasons  for  this  difference  are  not 
known  at  the  present  time. 

Before  direct  comparisons  between  the  hole  sizes  generated  by  the  two  methods  are  made  the  behavior  of 
the  pressure  and  temperature  will  be  considered.  A  Lagrange  point  was  chosen  in  CTH  that  was  originally 
located  at  the  center  of  the  impact  site  between  the  projectile  and  thin  film.  In  order  to  compare  the  results 
for  the  macroscopic  thermodynamic  variables  a  volume  element  ,whose  dimensions  were  equal  to  those  of 
the  projectile  at  the  beginning  of  the  simulation,  was  located  at  the  center  of  the  film  directly  in  the  line  of 
the  velocity  vector.  This  volume  element  was  used  to  calculate  the  density,  pressure,  and  temperature  of  the 
grid  point.  The  macroscopic  velocity  was  found  for  the  volume  element  which  was  free  to  move  with  the 
calculated  velocities.  Figures.  7  through  10  show  the  history  of  the  pressure  and  temperature  for  both 
computer  experiments.  The  MD  graphs  are  plotted  in  TSE  units  while  the  CTH  graphs  are  plotted  in  absolute 
time.  For  comparison  between  MD  and  CTH  note  that  the  conversion  between  the  two  time  scales  is  given 
by;  7.14  ps  for  the  7  km/s  impacts,  5.56  ps  for  the  9  km/s,  and  4.55  ps  for  the  1 1  km/s.  Using  these  scaling 
factors  for  comparison  purposes  it  is  apparent  through  the  study  of  the  plots  that  the  values  for  the  temperature 
calculated  using  MD  were  consistently  smaller  than  those  found  by  CTH.  Another  immediate  difference 
is  that  the  temperature  in  the  MD  run  returned  close  to  the  initial  or  background  value  for  the  Lagrangian 
volume  element  while  the  temperature  found  by  CTH  retains  a  value  that  is  significantly  larger  than  the 
background  values.  The  estimates  for  the  pressure  show  that  MD  has  values  for  the  peak  pressure  that  are 
slightly  smaller  than  those  generated  by  the  hydrocode.  Using  the  thermodynamic  variables  calculated  for 
the  Lagrangian  volume  element  in  MD  it  is  possible  to  plot  the  relationship  between  pressure  and  temperature 
for  a  constant  density.  If  one  plots  the  pressure  versus  temperature  for  densities  of  2.4  and  2.7  gm/cm^  as 
done  in  Fig.  1 1 ,  one  finds  thata  linear  relationship  between  pressure  and  temperature  is  a  good  approximation 
of  the  EOS  for  constant  densities.  The  Mie-Gruneisen  EOS  used  by  CTH  postulates  a  linear  relationship 
between  pressure  and  temperature  for  a  volume  held  at  constant  density.  This  preliminary  discussion  of  the 
EOS  that  was  found  using  MD,  suggests  that  this  method  holds  promise  for  future  study  of  hypervelocity 
impacts.  The  interesting  behavior  of  the  thermodynamic  variables  is  in  the  earliest  stages  of  the  impact  (t 
<  6  TSE’ s),  while  other  macroscopic  phenomena  such  as  the  formation  of  the  hole  resulting  from  penetration 
take  significantly  longer.  A  comparison  of  hole  size  will  now  be  done  for  MD  and  CTH. 

As  noted  above  in  the  analysis  of  the  XZ  density  graphs  the  computer  experiments  show  three  distinct  values 
of  density  with  the  area  of  the  second  region  decreasing  with  impact  velocity.  At  this  point  it  is  necessary 
to  determine  the  ratio  of  the  diameter  of  the  penetration  hole  (Dh)  to  the  dimension  of  the  projectile  parallel 
to  the  film  (Dp)  in  order  to  undertake  a  comparison  with  those  values  found  by  using  CTH.  This  was  done 
by  examining  a  slice  through  the  center  of  the  film  and  counting  those  grid  points  where  there  was  one  or 
less  particles.  In  an  effort  to  minimize  the  error  in  diameter,  only  those  values  that  occur  concurrently  were 
considered.  Figure  1 2  shows  the  history  of  hole  growth  in  the  one  to  one  aspect  ratio  for  the  MD  computer 
experiments.  The  hole  growth  for  the  two  to  one  impacts  is  shown  in  Fig.  13. 

To  determine  the  hole  sizx;  as  shown  by  the  hydrocode  calculation  the  smallest  distance  between  the  two  sides 
of  the  film  as  seen  in  Figs.  5  and  6  was  measured  at  the  appropriate  TSE.  The  results  from  the  CTH  runs  are 
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Fig.  5.  Plots  of  the  density  and  pressure 

generated  by  CTH  at  the  stopping  point 
for  the  one  to  one  normal  impacts. 
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Fig.  6.  Plots  of  the  density  and  pressure 

generated  by  CTH  at  the  stopping  point 
for  the  two  to  one  normal  impacts. 


shown  in  Table  1  which  shows  the  final  hole  size  determined  by  the  two  different  methods.  The  MD 
calculations  are  consistently  smaller  than  those  obtained  using  CTH.  Since  the  CTH  values  lie  in  good 
agreement  with  experimental  calibrations  of  penetration  hole  sizes  (Tanner  1992),  the  disagreement  is  a 
subject  that  needs  future  study. 

Several  possibilities  exist  to  explain  the  small  values  obtained  by  MD.  The  first  is  that  the  size  of  the  system 
used  is  too  small.  As  seen  in  Table  1  the  ratio  Dh/Dp  exceeds  five  for  all  of  the  impacts.  Since  the  width 
of  the  film  is  only  six  times  larger  than  the  diameter  of  the  projectile  then  those  values  that  lie  near  six  are 


Temperature  (°lcK)  Temperature  (°kK)  Temperature  (°lcK) 


Comparison  of  hole  size  formation  using  MD  and  CTH 


LAMANQIAM  AOMT  7 


-  Temperature  (°lcK) 
h — Pressure  (GPa) 


V  =  7  km/s 


-  Temperature  (°kK) 
It — Pressure  (GPa) 


V  =  9  km/s 


-  Temperature  (°kK) 
A— Pressure  (GPa) 


2^  MmnA  7.00  l«n/^  0.0000000  wm  Bar*** 

crnoT  M/os/<o  tstjoai  cm 


140 

12 

120 

10 

5 

too 

0 

7 

4 

80 

c 

<A 

2 

60 

<9 

0 

o 

150 

40 

•V 

a> 

125 

20 

100 

1 

75 

0 

SO 

-20 

25 

v  =  7kin/s 


LAORAMOUN  KMT  7 


t'-O  tf/41.  fMrmak  O-OO  km/%  0.0000006  mti  Mm 
TWCSM  02/05/11  06t«ti2f  CTH 


V  =  9  km/s 


UtOiANCIAN  POWT  7 


3  4 

TSE’s 


V  =  1 1  km/s 

One  to  One  Impact 

Fig.  7.  Plots  of  the  time  evolution  of 

temperature  and  pressure  vs.  the 
Time  Scaling  Elements  defined  in 
the  text  for  the  one  to  one  impacts  as 
found  in  the MDcomputer experiments. 
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Fig.  8.  History  Plots  generated  by  CTH  of  the 
pressure  and  temperature  during  the 
one  to  one  normal  impacts. 
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Fig.  9.  Plots  of  the  time  evolution  of 

temperature  and  pressure  vs.  the  Time 
Scaling  Elements  defined  in  the  text  for 
the  two  to  one  impacts  as  found  in  the 

MD  computer  experiments. 

Fig.  10.  History  Plots  generated  by  CTH  of  the 
pressure  and  temperature  during  the 
one  to  one  normal  impacts. 
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Fig.  11.  Plots  of  Pressure  vs.  Temperature  for  two  different  densities  found  from  the  Lagrangian  volume 
element  discussed  in  the  text. 


Fig.  12.  Hole  growth  as  modeled  using  MD  for 
normal  impacts  with  aspect  ratios  of  one 
to  one. 


Fig.  13.  Hole  growth  as  modeled  using  MD  for 
normal  impacts  with  aspect  ratios  of 
two  to  one. 


Table  1 :  Dh/Dp  Measurements 


Velocity  (km/s) 

v  =  7 

v  =  9 

v=  11 

v  =  7 

v  =  9 

v=  11 

Aspect  Ratio 

1  to  1 

1  tol 

Itol 

2  to  1 

2  to  1 

2  tol 

MD  Simulations 

0.75 

1.75 

1.75 

1.75 

2.5 

2.75 

CTH  Simulations 

5.45 

5.8 

6.1 

5.16 

5.75 

6.28 
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not  capable  of  being  modeled  with  a  system  composed  of  this  few  particles.  This  could  be  remedied  by  the 
use  of  larger  systems  which  is  being  made  more  practical  by  the  development  of  massively  parallel 
computers,  although  a  complete  simulation  of  the  system  used  in  the  hydrocodc  simulation  would  require 
more  than  a  billion  particles.  Another  possibility  is  the  fact  the  the  film  used  in  the  MD  simulations  is  only 
16.2  A  thick.  Experimental  investigations  have  shown  that  the  ratio  Dh/Dp decreases  as  the  film  and  particle 
decrease  in  absolute  size  (Schneider  1 979).  The  results  reached  in  the  MD  calculations  could  then  be  a  lower 
limit  on  the  penetration  hole  sizes.  Physically  this  could  arise  since  the  film  used  in  the  simulations  was  a 
perfect  FCC  crystal.  The  lack  of  dislocations  and  flaws  in  the  film  could  explain  why  the  damage  was  smaller 
than  that  .seen  in  the  hydrocode  calculations  which  use  equations  of  state  which  are  based  on  macroscopic 
investigations  where  all  crystals  contain  flaws.  Both  of  these  explanations  can  be  tested  with  future  computer 
experiments  as  larger  systems  can  be  used,  and  dislocations  introduced  into  the  system  to  investigate  what 
effect  the  presence  of  dislocations  have  on  hole  size  formations. 

CONCLUSIONS 

The  comparison  of  the  results  obtained  by  using  molecular  dynamics  and  hydrodynamics  shows  that,  with 
the  exception  of  the  calculation  of  the  pressure,  M  Dconsistcntly  underestimates  the  values  obtained  by  CTH. 
Since  the  results  obtained  by  CTH  arc  in  good  agreement  with  experimental  curves  reported,  it  would  appear 
that  the  di.sagreement  suggests  the  need  for  the  use  of  larger  systems  in  MD  to  model  hypervelocity  events. 
In  considering  the  behavior  of  the  temperature  and  pressure  the  major  difference  is  the  long  time  behavior 
of  the  temperature  in  the  two  methods.  The  rea.sons  for  this  discrepancy  need  to  be  explored  in  future  studies. 
The  hole  sizes  predicted  by  MD  are  significantly  smaller  than  those  found  using  CTH,  and  future  work  needs 
to  be  done  in  order  to  determine  if  the  smaller  sizes  found  using  MD  have  a  physical  basis  or  are  a  feature 
of  the  size  of  the  system  employed.  It  will  also  be  of  interest  to  utilize  potentials  that  have  been  developed 
to  describe  metals  (Pettifor  and  Ward  1984)  to  examine  what  significance  the  selection  of  the  potential  has 
on  macroscopic  phenomena.  Both  MD  and  hydrocodes  have  a  significant  role  to  play  in  the  continuing 
studies  of  hypcrvclocity  impact  phenomena.  The  use  of  larger  systems,  which  are  becoming  more  feasible 
as  computational  power  continues  to  increase,  offers  a  chance  for  MD  to  become  far  more  effective  in 
modeling  hypervelocity  impacts  than  its  present  capability. 

REFERENCES 

Allen,  M.  P.  and  D.  J.  Tildesley  (1987).  Computer  Simulation  of  Liquids.  New  York,  Oxford  University 
Press. 

Arnold,  A.  and  N.  Mauser  (1990).  “An  Efficient  Method  of  Bookkeeping  Next  Neighbors  in  Molecular 
Dynamics.”  Computer  Physics  Communications  59. 267-275. 

Ashcroft,  N.  W.  and  N.  D.  Meimin  (1976).  Solid  State  Physics.  Philadelphia,  Holt,  Rinehart  and  Winston. 
Holian,  B.  L.  (1987).  “Hypervelocity-impact  phenomena  via  molecular  dynamics.”  Physical  Review  A 
26(8).  3943-3946. 

Hoover,  W.  G.,  A.  J.  DcGroot,  et  al.  ( 1 992).  “Massively  parallel  computer  simulation  of  plane-strain  elastic- 
plastic  flow  via  nonequilibrium  molecular  dynamics  and  Lagrangian  continuum  mechanics.” 
Computers  in  Physics  6(2).  155-167. 

Huang,  K.  (1987).  Statistical  Mechanics.  New  York.  John  Wiley  &  Sons. 

McDonald,  R.  A.  (1991).  “A  Study  of  Hypcrvclocity  Impacts  using  Molecular  Dynamics”.  Ph.  D. 
Dissertation  Baylor  University. 

Pettifor,  D.  G.  and  M.  A.  Ward  (1984).  “An  Analytic  Pair  Potential  for  Simple  Metals.”  Solid  State 
Communications  42(3),  29 1  -294. 

Plischke,  M.  and  B.  Bcrg.son  ( 1989L  Equilibrium  Statistical  Physics.  Englewoods Cliff,  New  Jersey,  Prentice 
Hall. 

Schneider,  E.  (1979).  “Velocity  Dependencies  of  Some  Impact  Phenomena”.  TheComet  Hallcv  Micrometeriod 
Hazard.  Workshop  held  at  ESTEC  Noordwijk,  the  Netherlands,  ESA  SP-153. 

Tanner,  W.  G.,  R.  A.  McDonald,  ctal.  (1992).  “An  Examination  of  Hypervelocity  Particle  Penetration 
Parameters  for  Thin  Films  Flown  in  Space.”. submitted  to  the  1992  HVIS  Conference. 


hit.  J.  hnpmt  Vol.l4.  pp  51^  530.  l‘W.^ 

Pnnlcd  in  Orcai  Bniain 


0734-74.^X,93  S6  ()0  +  0.(X) 
Pcrganio;.  Press  Lid 
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ABSTRACT 

The  development  and  optimization  of  a  design  model  for  multibumper  spacecraft  protective  structures  to 
defeat  orbital  space  debris  is  presented.  The  Marshall  Space  Flight  Center  (MSFC)  Materials  and  Processes 
(M&P)  Laboratc^  Hypervelocity  Impact  Database  is  first  filtered  to  experiments  comprising  metallic 
configurations  without  multilayered  insulation  present  and  for  projectile  velocities  exceeding  2.5  km/sec. 
This  filtering  results  in  337  single,  double,  and  triple  bumper  hypervelocity  impact  experiments.  Regression 
variables  of  interest  include  projectile  diameter,  density,  velocity,  and  impact  angle,  bumper  standoff 
distances,  bumper  densities  and  thicknesses,  wall  density  and  thickness,  and  numter  of  bumpers.  The 
dependent  regression  variable  is  the  total  number  of  plate  penetrations,  beginning  with  the  wall  and  con¬ 
tinuing  through  the  witness  plates.  A  unique  intrinsically  linear  recession  form,  which  accounts  for  the 
number  of  bumpers  employ^  and  invokes  a  posynomial  (polynomial  with  positive  coefficients,  positive 
valued  independent  variables,  and  real  valued  exponents)  form,  is  chosen  bas^  on  a  comparison  of  various 
regression  forms  using  correlation  coefficient  and  F-statistic  as  measures  of  effectiveness.  The  least  squares 
regression  is  p^ormed  followed  by  an  ANOVA,  tests  of  the  correlation  coefficient  and  F  value,  and 
graphical  examination  of  residuals.  Regression  results  indicate  that  statistically  significant  least  squares  is 
possible  using  the  chosen  form  on  the  MSFC  M&P  database  with  small  residual  effects.  Generic  nonlinear 
regression  forms  are  also  investigated. 

The  resulting  regression  model  is  next  used  in  the  formulation  of  a  nonlinear  optimization  program.  This 
program  is  devi^  to  minimize  the  protective  structures  areal  density  subject  to  a  limitation  on  total  standoff 
distance  between  the  Hrst  bumper  and  the  wall.  The  decision  variables  of  interest  are  the  optimal  values 
of  the  areal  densities  of  the  bumpers  and  wall,  as  well  as  the  optimal  individual  standoff  distances.  The 
problem  is  solved  using  the  dual  transformation  of  geometric  programming.  The  optimal  independent 
variables  and  minimum  system  areal  density  are  solved  for  analytically  in  terms  of  the  systemic  par^eters. 
A  sensitivity  analysis  to  these  parameters  is  then  performed.  Additionally,  the  optimal  number  of  bump^ 
is  evaluated  in  this  sensitivity  study.  The  most  significant  results  from  a  hypervelocity  impact  standpoint 
are  that  additional  hypervelocity  impact  tests  and  analyses  should  be  p^ormed  to  support  understanding 
of  multiple  bumper,  large  p^cle  diameter,  large  separation,  large  p^cle  mass  density,  various  particle 
impact  angles,  and  sp^ation  phenomenologies.  Additionally,  more  emphasis  should  be  placed  on 
understanthng  the  transition  regions  between  particle  shatter,  melt,  and  vaporization,  while  less  emphasis 
should  be  placed  on  small  velocity  differences  within  these  regions.  Major  protective  strictures  design 
results  indicate  that  for  Space  Station  Freedoni  impact  scenarios  of  interest,  and  within  the  limitations  of 
the  regressed  hypervelocity  impact  database,  at  most  four  metallic  bumpers  are  optimal.  In  particular,  a 
transition  region  from  optimal  number  of  bumpers  of  2  to  3  (and  3  to  4)  has  been  identified  for  particle 
diameters  in  the  0.25-0.5  cm  (and  1  to  1 .25  cm)  range.  An  interesting  transition  region  from  3  to  4  optimal 
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number  of  bumpers  has  been  discovered  for  standoff  distances  between  10  and  15  cm.  Furthermore,  tl» 
optimal  protective  structures  design  sensitivity  to  impact  angle  is  very  low.  Finally,  the  results  of  this 
investigation  indicate  that  this  combination  of  regression  form  and  resulting  optimization  approach  is  u^ful 
in  identifying  protective  structures  design  trends  for  spj‘'''*craft  subject  to  hypervelocily  impact  environ¬ 
ments. 


LIST  OF  SYMBOLS 

a.  =  estimated  parameters  for  regression 
d,D  =  projectile  diameter  (cm) 

=  wall  material  parameter 
n  =  number  of  plates  (bumpers  and  wall) 

N  =  number  of  "walls"  penetrated  (walls  +  witness  plates) 

S-  =  separation  between  bumper  i  and  bumper  i-t-1  (cm) 

Sj^j.  =  total  allowable  separation  from  1st  bumper  to  wall  (cm) 
f.  =  bumper  thickness,  i=l,2,...4i-l  (cm) 

=  wall  thickness  (cm) 

V  =  projectile  impact  velocity  (km/sec) 

W  =  structure  mass  per  unit  area  or  weight  (gm/cm^ 
e  =  impact  angle  from  surface  normal  (deg) 
p.  =  bumper  density,  i=l,2,...4i-l  (gm/cm^) 

=  wall  density  (gm/cm^) 
p^  =  projectile  mass  density  (gm/cm*) 

A  0  subscript  denotes  optimal  value  for  a  primal  variable. 

INTRODUCTION 

Since  the  1960’s,  the  effects  of  meteoroid  impacts  on  spacecraft  function  and  safely  have  been  a  concern 
to  systems  design  engineers.  With  the  recent  increase  in  man’s  activity  in  low  Earth  orbit,  this  concern 
has  expanded  to  include  the  man-made  orbital  debris  environment  Unlike  the  meteoroid  envinmment 
the  number  of  debris  particles  continues  to  grow  as  more  vehicles  are  launched  into  Earth’s  orbit.  This 
increasing  hazard  requires  that  spacecraft  designers  become  more  innovative  and  efficient  in  designing 
the  shield  systems  necessary  to  protect  the  spacecraft  being  launched  today.  In  addition  to  the  more 
numerous  debris  particles,  future  space  missions  (e.g..  Space  Station  Freedom)  pose  other  critical  design 
problems.  Unlike  the  short-term  missions  of  the  past,  future  vehicles  will  have  longer  exposure  periods 
to  both  the  meteoroid  and  debris  environments.  These  vehicles  will  also  be  more  complex  ^d  much 
larger  than  earlier  spacecraft.  The  larger  area-lime  product  of  exposure  places  these  vehicles  at  increa^ 
risk  of  impact  of  critically  damaging  particles.  The  traditional  measure  of  protective  structures  design 
effectiveness  is  the  probability  of  no  penetration  of  the  primary  spacecraft  wall.  This  measure  is  the 
risk  associated  with  the  occurrence  of  the  impacting  panicle  size,  impact  velocity,  and  impact  angle. 
Finally,  the  inherent  uncertainties  in  the  meteoroid  ^  debris  projectile  mass,  velocity,  drasity,  shape, 
and  impact  angle  further  complicate  the  design  problem,  ma^g  the  traditional  deterministic  design 
approach  impractical. 

The  traditional  design  solution  to  this  problem  has  generally  been  to  place  a  "bumper"  outboard  from 
the  spacecraft  wall  to  disrupt  the  incoming  projectiles.  The  existing  spacecraft  wall  is  often  better  able 
to  withstand  the  impacts  of  the  resuitin^  dust  than  that  of  the  single  larger  particle.  This  passive  measwe 
has  resulted  in  significant  weight  savings  relau  ve  to  a  single  wail  concept  with  the  same  protective 
capability.  The  problem,  then,  is  to  efficiently  design  these  protective  structures  so  that  the  bumper 
breaks  up  the  projectile  while  minimizing  its  lethality  to  the  primary  wall,  the  crew,  and  the  onbom'd 
equipment 

Existing  design  and  analysis  techniques  which  are  commonly  used  to  aid  in  the  design  of  shielding 
include  hypervelocity  imptut  testing,  empirical  perctration  equations,  and  hydrodynamic  codes.  The 
most  widely  accepted  of  these  is  impact  testing,  which  has  the  advantage  of  providing  actu^  spacecraft 
hardware  design  verification.  However,  in  existing  test  facilities,  test  velocities  are  limited  to  about 
25%  of  the  expected  impact  velocity  distribution  of  man-made  debris,  and  even  less  for  meteoroids. 
M  additional  detriment  to  relying  on  impact  tests  alone  is  the  extensive  number  of  tests  required  to 
characterize  the  effects  of  each  of  the  large  numbo'  of  design  par^eters  to  statistically  significant 
trends.  Hydrodynamic  code  analysis  can  help  overcome  the  velocity  limitations,  but  this  method  is 
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very  computer  lime  intensive,  and  there  is  a  fair  amount  of  controversy  involved  in  the  selection  of 
appropriate  equations-of-state  and  code-specific  parameters.  Empirical  penetration  equations  generally 
provide  the  b^l  quick-look  of  a  shield  design’s  im>tBctive  capability.  However,  sp^ial  care  must  be 
taken  to  be  sure  they  are  used  only  within  the  same  parametric  limitations  from  which  they  were 
experimentally  or  thraretically  derived,  and  with  a  clear  understanding  of  the  regression  analysis  used 
in  their  statistical  formation.  If  the  problem  to  be  solved  falls  within  the  experimental  parameter 
limitations,  the  equations  can  provide  more  information  about  the  design  than  a  limited  number  of 
experimental  results. 

Through  nonlinear  optimization  techniques,  the  characteristics  of  the  empirical  penetration  predictor 
equation  can  be  determined  with  sensitivities  anchored  around  a  given  design  for  the  shield  system. 
Analytic  or  numerical  solutions  result,  depending  on  the  natureof  the  predictor,  the  problem  formulation, 
and  the  technique  used.  In  this  paper,  nonlin^  optimization  techniques  are  used  to  first  develop  a 
preliminary  design  predictor  for  the  shielding  that  might  be  required  to  defeat  the  meteoroid  and  debris 
impacts  that  futuristic  spacecraft  might  encounter.  Mission  parameters  and  design  environments  are 
chosen  to  best  represent  those  we  believe  to  be  most  realistic  for  Space  Station  missions,  based  on 
today's  information.  Optimal  design  sensitivity  trades  are  then  shown  to  determine  operating  points 
for  system  and  design  engineers. 

PAPER  GOALS 

The  goals  of  this  paper  are  to; 

1 .  Dtevelop  a  nonlinear  regression  predictor  for  multiple  bumper  systems. 

2.  Optimize  the  predictor  in  a  protective  structures  design  context. 

3.  Provide  a  sensitivity  analysis  to  various  hypervciocity  impact  systemic  parameters. 

4.  Provide  a  sensitivity  analysis  to  Space  Station  mission  parameters. 

EARTH  ORBITAL  SPACE  DEBRIS  ENVIRONMENT 


The  space  debris  and  meteoroid  environment  models  chosen  for  this  paper  are  based  on  the  environment 
given  in  Reference  10.  This  debris  environment  is  a  perturbation  of  a  previous  environment  definition 
due  to  Kessler  (1989).  The  major  inputs  for  this  definition  include  space  debris  growth  rale,  spacecraft 
operational  p^od,  mission  altitude  and  inclination,  spacecraft  debris  area,  orientation,  and  probability 
of  no  penetration.  The  previous  Kessler  environment  is  first  used  to  obtain  a  ballpark  estimate  of  critical 
diameter  for  two  numerical  search  techniques.  The  Newton’s  method  and  a  random  search  technique 
are  then  employed  to  numerically  hone  in  on  a  relatitmship  between  the  actual  particle  diameter  and 
the  other  parameters  for  the  orbit^  debris  and  meteoroid  environments,  as  specified  by  Reference  10. 

ADVANCED  SHIELDING  FOR  PROJECTILE  SHATTER  (MULTIBUMPERS) 


The  database  used  for  regression  is  the  MSFC  Hypcrvelocity  Impact  Test  Database  Developed  by  the 
Materials  &  Processes  Lab.  Database  filtering  was  performed  to  include  only  metallic  configurations 
with  velocities  greater  than  2.3  km/sec  and  no  MLI  present  The  database  filtering  resulted  in  234  single 
bump^  tests,  94  double  bumper  tests,  and  9  triple  bumper  tests. 

A  preliminary  investigation  using  various  posynomial  regression  forms  was  performed.  The  fact  that 
many  spacec^t,  including  Space  Station  Freedom,  has  sufficiently  low  curvature  in  primary  areas 
needing  protection  allows  for  the  assumption  of  minimizing  system  mass  per  unit  area.  The  "best" 
intrinsic^ly  linear  posynomial  form  resulting  from  this  preliminary  investigation  is  given  by: 

•s  •» 


V -1-1 = Kd^'py^  cosj^  — ^ ^ J  ni 


A  linear  least  squares  analysis  results  in: 

a:  =  3.2586,  a,  =  1.0471,  a,  =  0.3837,  a,  =  0.1780, 


a«  =  0.2979,  a,  =  -0.3397,  aj  = -0.3249,  a,  =  -0.4003.  a,  =  -1.01 58  [2] 

with  optimal  bumper  scaling  functions  (found  through  search)  of 

g(n-\)  =  n-\,  /i(/i-l)  =  (n-l)®“ 
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From  an  analysis  of  variance,  F  tests,  and  correlation  coefficient  tests,  the  regressed  mottel  is  found  to 
be  both  physically  (from  the  fdtering  of  model  forms)  and  statistically  significant  The  designer  problem 
statement  is  given  by:  Minimize  system  mass  per  unit  area: 

•-«  K 

min  IV  =  X  iWi  +7 - '  .  '  o.n7^ 

n  sr'^  n 

Vi-i  ;v.=i  y 


where 


19.1257d“»”p^””V‘^***{cos(;;^)f 


subject  to  the  following  constraint  The  total  separation  (first  bumper  to  wall)  is  limited  toa  prespecified 
value 

j.r.  X  Si  =  Sj.^j. 

i=\ 

where  m-  =  p,r,  [6] 

We  must  determine  the  optimal  values  of  the  mass  per  unit  area  for  the  bumper(s)  and  wall,  the  optimal 
individual  separations,  and  the  minimum  system  mass  per  unit  area.  (Stot  is  the  total  separation  b^ween 
the  first  bumper  and  the  wall,  and  n- 1  is  the  tcMtal  number  of  bumpers  (n  is  the  total  number  of  plates).) 
Using  0  degree  of  difficulty  dual  geometric  programming,  the  minimum  weight  and  globally  optimal 
areal  densities  are  given  by 


1.0911(/i-l) 
0.6786(n-l)  +  (/i-l)““ 


''0.6786(rt-l)  + 
^  1.09115, 


-l)  +  (/t-l)'‘ 


0l6S  V  *”***'' ’*‘** '^^ 


The  optimal  individual  separations  are  given  by 

o  ^TeT 


(« 


y  =  l,2,...,n-l 


BASELINE  PARAMETERS 


The  baseline  parameters  for  an  impact  systemic  parameter  sensitivity  study  are  given  in  Table  1. 

Table  1.  Baseline  Systemic  Impact  Parameters  _ 


*  Particle  Diameter  cm 

*  Particle  Denst^  =  2.8  gm/cm^ 

•  Particle  Velocity*  5  km/sec 

*  Total  Bumper/Wall  Separatioas  10  cm 
*  Nonnallmpect 
*  Ballistic  Limit  (N  »  1) 


Figure  I  shows  the  sensitivity  of  optimal  protective  structures  design  variables  (including  optimal 
number  of  bumpers)  to  particle  diameter.  Two  tnuisition  regions  are  found,  one  between  0.2S  ^  0.S 
cm  and  one  between  1  and  1 .25  cm.  In  these  regions,  the  optimal  number  of  bumpem  changes  from  2 
to  3  followed  by  3  to  4  due  to  increases  in  diameter  penetrability.  Thus,  given  sufiicient  separation,  as 
the  threat  grows  in  terms  of  particle  diameter,  there  is  a  large  incentive  for  adding  bumpers.  A  srasitivity 
of  optimal  protective  structures  design  to  particle  velocity  shows  a  relative  l^k  of  sensitivity  of  the 
design  over  a  fairly  wide  velocity  range  (3-7.S  lun/sec).  Although  this  sensitivity  is  more  pronounced 
than  for  the  vaporization  region,  particle  velocity  uncertainties  do  not  significantly  drive  tlw  syst^ 
designer.  Figure  2  shows  the  sensitivity  of  optimal  protective  structures  design  variables  (including 
optimal  number  of  bumpers)  to  total  bumperAvall  separation.  One  transition  region  is  found  in  this 
sensitivity,  between  lOand  IScm.  The  optim^numb^  of  bumpers  changes  from  3  to  4  over  this  range, 
llius,  the  greater  the  standoff  distance,  the  more  incentive  to  increase  the  number  of  bumpers  in  the 
^ign.  There  is  roughly  a  25%  weight  reduction  achieved  by  increasing  the  separation  from  10  to  15 
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cm.  A  sensitivity  of  optimal  protective  structures  design  to  particle  impact  angle  from  normal  found 
no  transition  region  to  optimal  number  of  bumpers.  In  fact,  this  sensitivity  is  remarkably  flat  Impact 
angle,  thus,  does  not  affect  the  system  design  for  three  bumpers.  Figure  3  shows  the  sensitivib'  of 
optinial  protective  structures  design  variables  (including  optim^  number  of  bumpers)  to  particle  density. 
One  transition  region  is  found  in  this  sensitivity,  between  3.5  and  4  gm/cm^  The  optimal  number  of 
bumpers  changes  from  3  to  4  over  this  range,  due  to  increased  parucle  lethality.  Figure  4  shows  the 
sensitivity  of  optimal  protective  structures  design  variables  (including  optimal  numto  of  bumpers)  to 
wall  penetration  factor  ( 1  being  ballistic  limit).  One  transition  region  is  found  in  this  sensitivity,  l^ween 
70  and  80%  penetration.  The  optimal  number  of  bumpers  decreases  from  4  to  3  due  to  decreasing 
lethality. 


•  24  gnvcrrO.  NomMt  Impact  I 

VcMMrtf  •  Skm««c  I 

Tolai  BumparAMiM  Saparatton  •  10  cm.  8  L  I 

'VMMBaHMaaaMMMMBHaMMA 

Fig.  1.  Optimal  Protective  Structures  Design  Values  vs.  Particle  Diameter  (Shatter  Region). 
Larger  Threats  Result  in  Additional  Bumpers. 
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Fig.  2.  Optimal  Protective  Structures  Design  Values  vs.  Total  Bumper/Wall  Separation 
(Shatter  Region).  Greater  Separation  Allows  for  Multiple  Bumpers. 
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Particle  Density  (gm/cm3) 
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Fig.  3.  Optimal  Protective  Structures  Design  Values  vs.  Particle  Density  (Shatter  Region) 
Higher  Densities  Require  Additional  Bumpers. 
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Fig.  4.  Optimal  Protective  Structures  Design  Values  vs.  Wall  Penetration  (Shatter  Region) 

Spallation  May  Be  a  Design  Driver. 
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MULTIBUMPER  PROTECTIVE  STRUCTURES  DESIGN  TRADES 

The  baseline  parameters  and  assumptions  for  an  orbital  debris  analysis  of  multibumper  systems  is  shown 
in  Table  2.  The  parametric  sensitivities  investig^ed  are  also  shown  in  Table  3. 


Table  2.  Baseline  Parameters  and  Assumptions 


*  Reference  10  Detals  Environment  ExcqM 
Particle  Density  «  9nA;m’ 

•  19^^2007  Misskm  Tiroeline 

*  Aliitode«  398  km 

»  Biclinatkms  28.5  deg. 

*  Tta^d  Mission  PNP  »0.9733  Qjf).3ab.^ode»Node  with 
Cupola^  LOX  Cryo^  N2  CVyoi0.9955/elem^t) 

*  Total  Debris  Area  *603  m* 

♦  ”0.8'*  Muldbamper 
WiDdnson/Si^aar  Regression  (Integrated) 

*  Total  Bua^>a/Wali  Separani^s  10  cm 

•  Ballistic  Umit 


Table  3.  Parametric  Sensitivities 


*  Mission  Start  Year  1997-2005 

*  Mission  Duration:  S-30  years 

**  Average  Mission  Altitude:  2CiO-IOOOkm 

*  Total  Mission  PNP;  0.8-0.99 

*  Total  Debris  Area: 

100*1000  m* 

*  Tt»ai  Bumper/Wall 

_  Separation:  5-30  cm _ 


Figure  5  shows  the  sensitivity  of  optimal  protective  structures  design  variables  (including  optimal 
number  of  bumpers)  to  mission  start  date.  Note  tte  strong  sensitivity  to  start  date  over  the  years  from 
2(X)0  to  2003.  The  optimal  number  of  bumpers  remains  constant  at  one  for  mission  start  dat^  through 
2005.  Figure  6  shows  the  sensitivity  of  optinuil  protective  structures  design  variables  (including  optiinal 
number  of  bum{^)  to  design  life.  A  transition  region  ftom  one  bumper  to  two  (and  then  from  two  to 
three)  is  found  in  the  10-15  year  (25  to  30  year)  duration  range.  The  shape  of  this  curve  is  partly 
reflecdve  of  the  ^ce  debris  growth  rate  model  aixl  partly  reflective  of  the  solar  flux  effect  Figure  / 
shows  the  sensitivity  of  optii^  protective  structures  design  variables  (including  optimal  number  of 
bumpers)  to  average  mission  altitude.  Two  transition  regions  are  found,  one  between  400  and  500  km 
altitude  and  one  between  600  and  700  km.  In  these  regions,  the  optimal  number  of  bumpers  changes 
from  1  to  2  (and  then  2  to  3)  due  to  increased  particle  threat  Figure  8  shows  the  sensitivity  of  optimal 
protective  structures  design  variables  (including  optimal  number  of  bumpers)  to  total  mission  probability 
of  no  penetration.  A  transition  from  1  bumper  to  2  is  found  in  the  region  toween  0.98  and  0.99  PNP. 
This  corresponds  to  element  PNP’s  between  0.9966  and  0.9983.  Figure  9  shows  the  sensitivity  of 
optimal  protective  structures  design  variables  (including  optimal  number  of  bumpo^)  to  total  mission 
debris  area.  A  transition  region  is  found  between  800 900  m^.  In  this  region,  the  optimal  number 
of  bumpers  changes  from  1  to  2  due  to  increases  in  p^cle  threat  size.  Figure  10  shows  the  sensitivity 
of  optimal  protective  structures  design  variables  (including  optimal  number  of  bumpers)  to  total 
bumper/wall  separation.  No  transition  region  is  found  from  5  to  30  cm  total  separation.  An  increase 
in  total  separation  from  10  to  15  cm  results  in  a  30%  reduction  in  weight 
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Fig.  5.  Optimal  Protective  Structures  Design  Values  vs.  Mission  Start  Date. 
There  is  a  Large  Penalty  to  Pay  for  Schedule  Delays  in  the  2000  to  2003  Timeframe 
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Fig.  6.  Optimal  Protective  Structures  Design  Values  vs.  Design  Life 
Long  Duration  Design  Lives  Require  Additional  Bumpers. 
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Fig.  7.  Optimal  Protective  Structures  Design  Values  vs.  Average  Mission  Altitude. 
Altitude  Increases  Above  400  km  Require  Additional  Bumpers. 
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Fig.  8.  Optimal  Protective  Structures  Design  Values  vs.  Total  Mission  PNP, 
Increases  in  Required  PNP’s  Result  in  Need  for  Additional  Bumpers. 
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9.  Optimal  Protective  Structures  Design  Values  vs.  Total  Mission  Debris  Area. 
Design  Growth  Requires  Additional  Bumpers. 
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CBO  Deb.  Env.(Dens..2.8  gm/om3).  MSHATT/MWILK0.8 
1997-2007,  398  km,  28.5  deg.,  0.9733  PNP.  603  m2 
Ballistic  Limit 


.  Optimal  Protective  Structures  Design  Values  vs.  Total  Bumper/Wall  Separation. 
Increased  Separation  to  15  cm  Eases  Design  Requirements  Significantly. 
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INTRINSICALLY  NONUNEAR  REGRESSION  FOR  MULTIBUMPER 
PROJECTILE  SHATTER 


An  intrinsically  nonlinear  regression  form  to  predict  reactions  to  hypervelocity  impacts  of  multiplate 
structures  has  been  develop^  and  is  given  by 


T  s*  ••  ^ 

'p/Y  ■ 


“wife*')  fe.^'^')  ™ 


Models  for  T=1^3  have  been  generated.  Residual  plots,  extra  sum  of  squares  analyses,  and  ballistic 
limit  curves  have  been  generated.  Hie  T=2  model  has  been  selected  as  best  represrating  ^  physical 
phenomenology,  while  maintaining  significant  statistical  improvements  over  the  intrinsically  linear 
model.  Optimization  and  system  trades  are  currently  under  development 


CONCLUSIONS 


HYPERVELOCITY  IMPACT  IMPUCATIONS 

1.  Because  the  opdmal  number  of  bumpers  increases  with  increasing  particle  diameter,  more  emphasis 
should  be  placed  on  performing  hypervelocity  impact  testing  and  analyses  for  larger  particles  impk;ting 
multiple  bumper  systems.  (Note  transition  regions  between  d^.25  cm  and  d^.5  cm  (and  1  to  1.25 
cm)  particle  sizes.) 

2.  Since  the  protective  structures  design  sensitivity  to  velocity  is  relatively  flat  with  constant  optimal 
number  of  bumpers  =  3,  less  concern  should  be  placed  on  hypervelocity  impact  analyses  and  testing  to 
determine  the  effects  of  small  velocity  differences,  and  more  emphasis  should  be  placed  on  under¬ 
standing  transition  regions  from  projectile  shatter  to  melt  and  vaporization. 

3.  Because  the  optimal  number  of  bumpers  as  a  function  of  total  separation  varies  from  3  to  4,  more 
hypervelocity  impact  tests  and  analyses  should  be  performed  for  larger  separations  and  more  bump^. 

4.  Because  of  the  small  sensitivity  of  optimal  number  of  bumpers  to  impact  angle,  fewer  hypervelocity 
impact  analyses  and  tests  should  be  conducted  for  multiple  bumper  configurations. 

5.  Because  the  optimal  number  of  bumpers  for  large  ranges  of  particle  density  vmes  from  3  to  4, 
additional  hypervelocity  impact  tests  and  analyses  should  be  performed  for  these  particle  mass  densities 
and  more  bumpers. 

6.  Due  to  the  fact  that  the  minimum  system  mass  per  unit  area  is  fairly  sensitive  to  wall  penetration 
factor,  additional  hypervelocity  impact  analyses  and  tests  should  be  performed  to  provide  a  better 
understanding  of  spklation. 

SPACE  STATION  FREEDOM  IMPLICATIONS 

1 .  Optimal  areal  densities  are  equal  for  bumper(s). 

2.  Optimal  bump^s)  and  wall  areal  densities  are  generally  not  equal. 

3.  Wall  areal  density  generally  dominates  bumper  areal  densities. 

4.  Optimal  individu^  separations  are  equal. 

5.  (^timal  protective  structures  design  is  very  sensitive  to  design  life. 

6.  Transition  region  from  1  to  2  (and  2  to  3)  bumpers  is  between  10  and  15  (25  and  30)  year  design 
lives. 

7.  Optimal  protective  structures  design  is  very  sensitive  to  average  mission  altitude  above  400  km. 

8.  Transition  region  from  1  to  2  (2  to  3)  bumpers  is  between  400  and  500  (600  and  700)  km  altitudes. 

9.  Optimal  protective  structures  design  is  very  sensitive  to  mission  PNP  above  0.97. 

10.  ^ee  of  the  PNP  curve  is  compatible  with  baseline  requirement  of  0.9733. 

1 1 .  Transition  region  from  1  to  2  bumpers  is  between  0.98  saA  0.99  PNP.  (0.9966  and  0.9983/element). 

12.  Optimal  protective  structures  design  is  very  sensitive  to  total  debris  area. 

13.  Transition  region  from  1  to  2  bumpers  is  b^ween  800  and  900  m\ 

14.  Optimal  protective  structures  design  is  sensitive  to  total  bumper/wall  separation  between  5  and  20 
cm. 

15.  Knee  of  the  separation  curve  appears  to  be  between  10  and  15  cm. 

16.  Shift  to  15  cm  separation  results  in  about  30%  reduction  in  protective  weight 

STATISTICAL  REGRESSION  IMPLICATIONS 

1.  Intrinsically  linear  posynomial  regression  can  be  performed  to  statistically  significant  levels  for 
multiple  bumper  hypervelocity  impact  reactions. 

2.  Residual  plots  appear  to  be  normal. 
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RECOMMENDATIONS 

1.  Perform  second  order  sensitivities. 

2.  Perform  PNP  requirements  balancing  among  critical  elements. 

3.  Investigate  config^don  build-up  timelinesyaugmentation. 

4.  Continue  exploration  of  intrinsic^ly  nonlinear  regression. 
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RECOVERY  OF  MATERIALS  IMPACTED  AT  HIGH  VELOCITY* 

W.  J.  NELLIS  and  A.  J.  GRATZ 

Lawrence  Livermore  National  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

Hypervelocity  impact  can  produce  unique  effects  in  materials,  including  crystal  structures, 
microstructures,  and  properties.  Examples  include  impact-driven  shock  waves  to  synthesize  novel 
materials  1  mm  and  1  pm  thin  shocked  to  pressures  up  to  100  GPa  (1  Mbar),  preferential 
c^stallographic  alignment  achieved  by  taking  into  account  the  shape  and  size  of  powder  particles,  and 
high-pressure  phase  transitions  quenched  in  geological  materials.  Thin  sp^imens  are  used  to  achieve 
the  highest  quench  rates.  Methods  are  described  whi^h  show  thgt  the  experiments  can  be  performed  by 
precooling  or  preheating  specimens  in  the  range  -170  to  +1000  C.  Calculational  results  for  the  quartz 
experiments  show  the  importance  of  computational  simulations  to  determine  the  pressure  history  in  the 
specimen. 


INTRODUCTION 

Hypervelocity  impact  produces  high  dynamic  pressures  and  temperatures.  The  rates  of  both  the 
application  and  of  the  release  of  pressure  and  temperature  are  very  large  for  bulk  materials.  Maximum 
shock  pressures  typically  range  from  1-100  GPa  (0.01  to  1  Mbar)  and  temperatures  can  reach  up  to  a 
few  ICiOO  K  for  times  of  about  a  (isec.  During  application  of  pressure,  strain  rates  can  exceed  10^/s 
(Chhabildas  and  Asay,  1979).  Calculated  quench  rates  from  extreme  conditions  reach  up  to  10*^  bar/s 
and  10^  K/s  (Nellis  et  al..  1986;  Nellis  et  al..  1988).  These  quench  rates  are  the  physical  limits  in 
macroscopic  bodies  because  they  occur  at  the  speed  of  sound.  Shock  pressures  of  100  GPa  can  be 
achieved  in  specimens  embedded  in  Cu  by  planar  impact  of  Cu  onto  Cu  at  velocities  near  3.4  km/s. 
This  velocity  is  easily  reached  with  a  two-stage  light-gas  gun  using  He  driving  gas.  The  extreme 
conditions  reached  can  achieve  unique  effects  in  terms  of  microstructure,  crystal  structure,  and  resulting 
properties.  The  purpose  of  this  paper  is  to  describe  a  variety  of  techniques  used  at  high  dynamic 
pressure  to  induce  and  investigate  changes  in  the  structure  and  properties  of  recovered  materials. 

Advantages  of  gas  gun  experiments  include  the  fact  that  thin  specimens  can  be  used  to  obtain  very  high 
quench  rates  into  surrounding  metal,  for  example,  and  that  sp^imens  weighing  a  gram  or  less  can  be 
used.  Thus,  the  high-rate  quenching  limits  of  the  shock  technique  can  be  investigated  Also,  because 
of  the  small  masses,  many  materials  available  only  in  research  quantities  can  be  subjected  to  high 
dynamic  pressures  and  the  structures  and  properties  of  the  recovered  materials  can  be  characterized. 

Gas  gun  experiments  will  be  described  below  in  which  mm  and  ^m  thin  specimens,  usually  10  mm  in 
diameter  in  our  experiments,  are  recovered  from  pressures  up  to  100  GPa  and  characterized.  Preferential 
crystallographic  alignment  and  associated  changes  in  physical  properties  are  achieved  by  taking  into 
account  particle  shape  and  size.  High  pressure  phase  transitions  can  be  quenched  by  choosing  relatively 
thin  specimens  with  highest  quench  rates.  Natural  phenomena,  such  as  explosive  volcanism,  can  be 
simulated  in  the  laboratory.  Recovered  microstructures  can  be  compared  with  those  in  nature  to  obtain 
information  about  possible  mechanisms  of  naturally  occurring  microstructures.  Conditions  achieved  in 
recovery  experiments  and  their  time  histories  are  obtained  generally  by  computational  simulations, 
illustrating  the  importance  of  calculations  for  characterizing  dynamic  histories  of  specimens.  Initial 
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specimen  temperature  can  be  prccooled  to  about  -170°  C  or  preheated  up  to  about  +1000°  C.  By 
varying  initial  temperature  the  phase  and  microstructure  of  the  recovered  material  might  also  be  effected. 


SYNTHESIS  AT  100  GPa  (1  MBAR)  PRESSURES 

The  first  example  is  chosen  to  illustrate  that  metastable  phases  can  be  synthesized  by  application  of 
pressures  as  large  as  100  GPa  (Neumeier  et  al..  1989).  The  high  pressures  and  temperatures  can  drive 
some  materials  into  a  metastable  high  pressure  phase  and  the  fast  quench  offers  the  possibility  of 
retaining  the  metastable  phase  on  release.  The  example  is  the  synthesis  of  metastable  cubic  AlS-phase 
Nb3Si  from  the  nonsupcrconducting  tetragonal  Ti3P  phase  by  application  of  100  GPa  pressures.  The 
research  size  experiment  is  shown  in  Fig.  1 ,  which  uses  a  6.5  mm-long  20  mm-bore  two-stage  gun.  The 
muzzle  of  the  gun  and  the  recovery  fixture  are  contained  in  an  evacuated  target  chamber  to  minimize  the 
generation  of  sound  and  the  effect  of  friction.  The  specimen  was  12  mm  in  diameter  and  l.S  mm  thick 
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Fig.  I.  (a)  Cross-sectional  schematic  of  system  for  subjecting  specimens  to 
100  GPa  (1  Mbar)  shock  pressures.  Liquid  N2  chamber  is  used  for 
precooling.  Flash  x  rays  measure  impact  velocity,  which  is  used  to 
calculate  impact  pressure.  Evacuated  target  chamber  is  not  shown,  (b) 
Expanded  view  of  one  type  of  specimen  capsule  in  recovery  fixture. 
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and  weighed  about  a  gram,  which  is  sufficiently  large  for  several  characterizations.  The  Cu  recovery 
capsule  was  chosen  for  its  ductility  to  avoid  fracture,  for  its  high  thermal  conductivity  for  quenching, 
and  for  its  good  shock  impedance  match  to  the  specimen  and  to  the  surrounding  steel  fixture.  The  Pb 
ring  is  a  heavy  tamper  to  maintain  the  integrity  of  the  steel  fixture  when  a  high  pressure  shock  wave 
diverges  from  the  impact  point  out  along  the  steel  surface.  Without  the  Pb  ring  a  crater  is  formed  rather 
than  a  relatively  simple  recovery.  For  small  residual  temperatures  and  lar^e  thermal  quench  rates,  the 
recovery  fixture  was  prccooled  to  near  liquid  N2  temperature,  about  -170  C  (100  K).  A  Cu  impaclor 
plate  2  mm  thick  was  used  to  generate  pressure.  Total  thickness  of  the  impactor  was  7.8  mm  with  a  20 
mm  diameter;  total  projectile  mass  was  8.7  g. 

An  advantage  of  this  gun  technique  is  that  an  impactor  weighing  less  than  10  g  interacts  with  the 
fixture.  The  much  heavier  gunpowder  and  driving  gas  arc  decoupled  from  the  impactor  and  target  when 
the  impactor  enters  the  evacuated  target  chamber.  The  relatively  small  impactor  minimizes  the 
momentum  and  kinetic  energy  which  must  be  dissipated  in  the  fixture  and  causes  the  high  dynamic 
pressures  and  temperatures  to  be  localized  in  the  immediate  vicinity  of  the  specimen.  This  means  that 
most  of  the  steel  backing  material  can  maintain  its  strength  for  effective  containment,  because  most  of  it 
is  essentially  unheated  by  the  strong  shock  wave  generated  by  impact 

The  synthesized  cubic  A15  phase  is  superconducting  and  so  superconducting  properties  can  be  used  to 
characterize  the  shocked  specimen.  Characterizations  with  x  rays,  optical  microscopy,  electrical 
resistance,  magnetic  suscepiibilty,  specific  heat,  upper  critical  magnetic  field,  pressure  dependence  of 
superconducting  critical  temperature  Tc,  and  annealing  studies  were  reported  previously.  Basically,  82 
GPa  induces  a  partial  phase  change,  as  seen  by  the  electrical  rcstistance.  1(X)  GPa  shock  pressure 
induces  a  single  superconducting  transition  at  18  K,  as  seen  by  the  electrical  resistance.  Analysis  of  the 
bulk  sp^ific-heat  data  indicates  that  about  67  %  of  the  sp^imen  converted  to  the  A15  phase.  Greater 
conversion  efficiencies  might  be  achieved  by  using  starting  specimens  with  a  higher  fraction  of  the 
tetragonal  phase  and  using  dinner  specimens  for  faster  effective  quench  rates  to  retain  the  high  pressure 
phase. 


THIN  HLMS  AT  100  GPa  PRESSURES 

In  order  to  test  whether  thin  specimens  could  be  recovered  intact  from  very  high  pressures  and  very 
high  quench  rates,  we  embedded  ductile  films  in  a  ductile  metal  matrix  with  high  thermal  conductivity 
and  shocked  the  specimen  capsule  to  70  and  100  GPa  (Koch  ct  al..  1990).  The  recovered  films  were 
examined  by  scanning  and  transmission  electron  microscopy,  SEM  and  TEM,  respectively.  Four  Nb 
dots  3.2  mm  in  diameter  and  1.  2.5,  S,  and  10  fim  thin  were  sputter-deposited  on  a  machined  Cu 
substrate  3  mm  thick  and  19  mm  in  diameter.  A  Cu  film  about  5  pm  thin  was  sputter-deposited  over 
the  substrate,  providing  a  protective  coating  on  the  Nb  dots.  A  Cu  layer  3  mm  thick  was  then 
electroplated  over  the  sputtered  Cu  layer.  The  Cu  piece  was  machined  to  a  thickness  of  6  mm,  with  3 
mm  of  machined  Cu,  3  mm  of  electoplated  Cu,  and  the  Nb  films  embedded  in  between.  The  piece 
was  then  used  as  the  specimen  capsule  in  Fig.  1  and  maiaging  steel  was  used  for  the  steel  recovery 
fixture.  The  latter  was  chosen  for  its  high  strength  to  inhibit  deformation  of  the  Cu  capsule.  The  fact 
that  maraging  steel  is  brittle  does  not  matter  significantly,  because  it  fractures  after  high  pressures  are 
released,  leaving  the  Cu  specimen  capsule  separated  from  the  steel  recovery  fixture.  Cu  impactors  were 
accelerated  to  velocities  of  2.7  and  3.4  km/s  by  the  6.5-m-long  two-stage  gun;  uhe  impact  pressures 
produced  were  72  and  97  GPa. 

Specimens  were  characterized  by  optical  and  electron  microscopy,  as  reported  previously.  The  three 
thinner  films  shocked  to  100  GPa  essentially  retained  continuity.  The  Nb  film  originally  10  |xm  thin 
was  penetrated  by  Cu  in  many  places  with  the  widths  of  the  perturbed  region  being  about  twice  the 
thicimess  of  the  starting  film.  Ibe  film  shocked  to  70  GPa  was  also  essentially  intact  but  it  separated 
nearly  completely  at  the  interface  of  the  machined  Cu  substrate  and  the  vapor-deposited  Cu,  indicating 
that  most  of  the  Nb  films  adhered  more  su-ongly  to  the  vapor-deposited  Cu  film.  These  results  show 
that  Nb  films  can  be  recovered  nearly  intact  from  dynamic  high  pressures.  However,  specific  results  for 
other  materials  are  probably  material  and  preparation  dependent 

This  method  was  used  successfully  with  C^q  fullercnes.  For  relatively  thick  l(X)-ii.m  powder  layers, 
Raman  spectroscopy  showed  that  CgQ  is  stable  up  to  about  17  GPa  shock  pressure,  where  a  continuous 
transformation  to  graphite  begins.  Above  50  GPa  nanocrysialline  or  amorphous  C  is  obsCTved  (Yoo 
and  Nellis,  1991).  For  a  relatively  thin  2  pm  C60  film  layer,  a  diamond  like  phase,  and  other  C  phases, 
arc  found  with  TEM  after  a  shock  pressure  of  69  GPa  (Yoo  et  al..  1992).  Thus,  specimen  pressure. 
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tcnipcralurc,  morphology,  and  quench  rates  via  specimen  thickness  could  be  investigated 
sysiemmaiically  to  investigate  the  synthesis  of  various  C  and  other  metaslablc  phases. 


PARTICLE  SHAPE  AND  SIZE 

The  sha[x;  and  size  of  panicles  can  sometimes  be  used  to  determine  the  microstructure  and  physical 
properties  of  a  shock  compact  (Weir  et  al..  1991).  A  representative  example  is  the  superconducting 
compound  Bi2Sr2CaCu208.  often  referred  to  as  BSSCO.  This  compound  can  be  made  in  powder  form 
with  part'cles  having  a  platelet  shape;  that  is,  particles  can  be  made  with  a  cross  sectional  area  and 
thickness  such  that  the  cross  sectional  dimensions  in  the  plane  of  the  platelet  are  large  compared  to  the 
thickness  of  the  platelet.  In  this  cc.  <  the  a  and  b  directions  of  the  crystal  structure  are  in  the  plane  of 
the  platelet  particle  and  the  c-axis  crystallographic  direction  is  normal  to  tl...  plane.  The  ab  plane  is 
also  the  high  current  plane  in  BSSCO.  The  observed  particle  shape  suggests  using  particles  of 
relatively  uniform  size  and  tapping  them  into  the  specimen  fixture,  so  that  the  platelets  lie  flat  in  the 
fixture.  In  this  way  the  high-cuirent  ab  plane  can  be  arranged  to  lie  in  the  plane  of  a  compact.  By 
restricting  particle  size  to  be  relatively  uniform,  all  particles  experience  each  other  on  settling  and  tend 
to  align  crystallographically.  If,  for  example,  a  wide  range  of  particle  sizes  were  u.sed,  it  would  be 
possiWe  for  relatively  small  particles  to  misalign  themselves  between  relatively  large  particles.  It  also 
happens  that  BSSCO  is  quite  ductile,  so  that  this  material  tends  to  flow  under  shock  loading,  rather 
than  fracture.  As  a  result  shock  compaction  tends  to  bond  BSSCO  particles  together  into  a  compact 
with  aligned  grains.  In  this  case  the  dominant  effect  of  the  shock  appears  to  be  oxygen  disordering 
rather  than  microcracking.  The  compacts  still  need  to  be  annealed  in  oxygen  at  sufficiently  high 
temperature  to  order  the  oxygen  atoms,  while  keeping  the  tempeiatme  sufficiently  low  to  prevent  atomic 
disorder  in  the  ompound.  This  temperature  is  alxiut  800  C  from  annealing  suidies. 

Our  shock  compression  experiments  on  BSSCO  were  performed  using  the  fixture  of  Fig.  1,  with  the 
exception  that  the  Pb  ring  of  Fig.  1  was  replaced  wi^  steel  to  produce  a  one-piece  steel  recovery 
fixiure.  Also,  since  the  goal  was  to  compact  powder  with  shock  induced  defects,  pressures  were  in  the 
range  for  bonding  particles  dynamically  rather  than  synihesiz.  new  phases,  3.5  to  13.5  GPa.  The 
powder  was  sifted  into  various  sizes  using  commercial  sieves  and  specimens  were  0.5  mm  thick  and  10 
mm  in  diameter..  Specimen  characterization  was  performed  using  c^tical  microscopy,  x-ray  dif .  rr.  ion, 
SQUID  magnetometer,  TEM,  and  electrical  resistance. 

A  shock  compact  made  this  way  has  a  substantial  amount  of  preferential  crystallographic  alignment  As 
a  result,  the  magnetic  propierties  are  expected  to  vary  substantially  depending  on  whether  the  applied 
magnetic  field  is  perpendicular  or  parallel  to  the  plane  of  the  preferentially  aligned  specimen. 
Measurements  showed  that  this  anisotix^y  can  range  up  to  a  factor  of  about  7.  Based  on  the  x-ray  and 
magnetic  data,  a  10  GPa  shock  produced  a  relatively  weU  aligned  compact  with  particle  sizes  of  5  to  10 
pm,  while  the  poorest  x-ray  alignment  and  magnetic  anisotropy  were  obtained  w  ith  particle  sizes  less 
than  5  pm.  Thus,  particle  size,  shape,  and  alignment  can  have  a  significant  influence  on  properties  of 
shocked  materials. 


QUARTZ 

Shock-loading  of  quartz  produces  microstructures  and  phase  transformations  which  geologists  use  to 
identify  and  analyze  sites  of  meteorite  impact.  These  phenomena  are  interpreted  using  shock-wave  data 
and  shock  recovery  experiments.  Experiments  are  typically  performed  on  single  crystals,  and  the  goal  is 
to  characterize  the  type  of  deformation  associated  with  each  set  of  shock  Ic^ng  conditions.  Because 
meteorite  impacts  often  occur  on  hot  or  cold  planetary  surfaces,  we  use  preheated  and  precooled  targets 
to  explore  the  role  of  target  tempierature  in  shock  deformation  and  transformation  of  quartz  (Gratz  et  al.. 
1988,  Gratz  et  al..  1992)  The  experiments  also  provide  fundamental  information  on  the  kinetics  of 
shock-induced  amorphization.  Transmission  electron  microscopy  (TE^  is  the  fundamental  tool  for 
studying  the  submicron  features  induced  by  loading.  Computer  simulation  of  loading  history  is  crucial 
for  eslimaling  pressure-time  history. 

To  achieve  initial  temperatures  from  room  temperature  up  to  as  high  as  +  1000°  C,  spwimens  are  placed 
in  metal  holders,  which  in  turn  arc  placed  in  the  recovery  fixture  illusuatcd  in  Fig.  2.  Room 
temperature  experiments  omit  use  of  the  furnace  in  Fig.  2.  To  achieve  high  initial  temperatures,  the 
recovery  fixture  is  placed  inside  a  ceramic  furnace,  as  shown.  Friedrich  HOrz  at  the  NASA-Johnson 
Space  Center  provided  the  design  for  the  furnace  heater.  For  both  precoolcd  (Fig.  1)  and  preheated 
experiments  (Fig.  2),  initial  temperatures  arc  monitored  with  thermocouples  on  the  recovery  fixture 
uiiul  a  fev  .seconds  before  firing  the  gas  gun.  Equilibrated  temperature  of  the  fixture  is  maintained  for 
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several  minutes  or  longer  prior  to  each  shot.  Quartz  single  crystals  were  shocked  in  this  fashion  to 
pressures  of  12, 22,  and  27  GPa  (see  below);  initial  temperatures  were  -170,  20, 500,  8(X)  and  1(XX)°C. 
Following  each  shot,  the  specimen  remains  for  several  minutes  in  the  target  chamber.  For  initial 
temperatures  of  5(X)°C  and  greater,  the  shocked  fixtures  were  placed  in  an  oven  at  200°C  and  the  fixture 
was  allowed  to  cool  over  several  hours  lo  minimize  thermal  shock  and  to  simulate  cooling  of  an  ejecta 
layer.  Specimens  preheated  to  800°C  and  1(X)0°C  are  in  the  P-quartz  and  tridymite  stability  fields, 
respectively.  There  is  no  evidence  that  p-quartz  deformed  differently  than  a-quartz  nor  that  tridymite 
was  formed. 
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Fig.  2.  Schematic  of  recovery  fixture  for  experiments  initially  at  room 
temperature  or  at  high  temperatures.  The  oven  is  used  to  achieve  high 
temperatures:  it  is  not  used  for  room  temperature  experiments.  The 
screw-in  plug  of  the  specimen  capsule  fixes  the  specimen  in  place,  so 
that  it  is  surrounded  by  a  metal  capsule,  supported  and  surrounded  by  a 
recovery  fixture. 


Quartz  specimens  were  taken  from  the  same  Brazilian  single  crystal  used  in  previous  shock  experiments 
(Gratz  etal..  1988).  All  specimens  were  highly-polished,  initi^y-transparent  di^  1 1  mm  in  diameter 
and  1.5  mm  thick.  The  crystals  were  x-cut,  the  normal  to  each  disk  was  parallel  to  the  a  <1 12()> 
crystal  direction.  Planar  surfaces  arc  polished  flat  to  <0.5  pm.  Specimen  thickness  varied  by  <10  pm  in 
most  cases  and  <20  pm  in  all  cases.  TEM  of  the  starting  material  reveals  no  dislocations,  implying 
dislocation  densities  of  <10^/cm2. 

The  shock  experiments  initially  at  room  temperature  were  simulated  using  the  Lagrangian  finite- 
difference  wavecode  Toody,  which  incorporates  a  two-phase  model  capable  of  describing  arbitrary 
transformation  kinetics  (Swegle,  1990).  The  model  is  calibrated  for  x-cut  quartz  based  on  Hugoniot 
data.  It  includes  a  two-wave  structure  when  the  elastic  wave  is  not  overdriven,  a  mixed-phase  regime  in 
which  both  quartz  and  a  high-pressure  phase  are  present,  and  allows  for  residual  strength  in  the 
compressed  mixture.  Shock-transformed  quartz  is  assumed  to  have  physical  properties  close  to 
stishovite,  and  the  high-pressure  phase  mixture  remains  frozen  until  the  equilitaium  phase  lx>undary  is 
crossed,  at  which  time  reversion  occurs. 

Peak  stress  and  temperature  were  attained  by  a  series  of  3-5  reverberations  (Fig.  3).  This  loading  is 
quasi-isentropic,  in  contrast  to  single-shock  loading  attained  in  Hugoniot  experiments.  The  calculated 
peak  stresses  (14,  22,  27  GPa)  are  distinctly  different  from  impact  shock  pressures  obtained  by 
impedance  match  calculations  (12,  24,  and  32  GPa).  The  peak  stress  duration  is  short  for  22  and  27 
GPa  experiments,  lasting  for  -0.1  ps.  't  he  stress  history  is  slightly  different  for  the  low-stress 
experiment,  which  used  a  simple  lexan  impactor.  The  fact  that  peak  pressure  is  achieved  by  a  multi¬ 
shock  reverberation  process  means  that  the  mean  bulk  temperature  of  the  specimen  is  lower  than  that 
achieved  by  a  single  shock  to  the  same  pressure.  Preheating  the  specimen  permits  the  achievement  of 
final  pressures  and  temperatures  representative  of  single-shock  Hugoniot  states  of  quartz  initially  at 
room  temperature  or  hotter.  Temperatures  are  estimated  by  adding  the  initial  temperatures  to  the 
calculated  ones.  Post-shock  temperatures  are  taken  from  Raikes  and  Ahrens  (1979),  and  provide  for 
1(X),  160  and  2(X)  C  heating  at  the  three  shock  pressures.  It  should  be  noted  that  calculated  post-shock 
temperatures  are  mean  bulk  temperatures.  The  microsuuctures  described  below  are  due  primarily  to 
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heterogeneous  deformation.  The  calculated  pressures  and  temperatures  achieved  were  overlaid  on  the 
equilibrium  silica  phase  diagram  of  Frondel  (1962)  and  Alaogi  and  Navrotsky  (1984),  in  which 
stishovite  is  the  equilibrium  high  pressure  phase.  Microstruciural  investigations  showed  that 
essentially  none  of  the  equilibrium  stishovite  phase  was  recovered. 

Two-dimensional  calculations  reveal  a  nonuniform  pressure  distribution  across  the  sample  (Fig.  4). 
However,  the  local  differences  in  stress  history  are  primarily  minor  variations  in  unloading.  Tbe  peak 
stress  achieved  at  any  point  in  the  sample  is  very  close  to  that  estimated  from  a  simple  1-D  model,  and 
peak  deviatoric  stresses  reach  ~5  GPa.  Early  lateral  release  should  have  occurred  in  the  low-pressure 


Fig.  3.  Calculated  stress  hisuxies  in  a-quartz  specimens  calculated  with  a  one¬ 
dimensional  hythodynamic  computer  code. 


Time  (psec) 

Fig.  4.  Stress  profiles  for  three  locations  in  the  a-quaitz  specimen  at  22  GPa 
using  a  two-dimensional  computer  model.  All  three  locations  have 
similar  stress  histories  and  peak  pressures. 
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experiment  only.  This  results  in  a  slightly  lower  peak  stress,  12  instead  of  14  GPa.  All  TEM  foils 
were  taken  from  the  mid-radius  of  the  sample. 

At  low  stresses  (7-10  GPa),  shock  produced  abundant  fractures  (sometimes  in  narrow,  planar  sets), 
Dauphin(5  twins,  and  microfault  zones.  The  last  are  shear  fractures  on  which  frictional  melting  occurs, 
leading  to  a  zone  of  melt  mixed  with  crystallites.  Such  melting,  which  is  analagous  to  intergranular 
melting  in  shock  compacted  powders,  is  important.  These  melts  are  later  injected  throughout  the 
specimen  and  serve  to  cement  it  together. 

Higher  shock  stresses  (>10  GPa)  induce  additional  features:  transformation  lamellae  (layers  of  glass, 
highly-fractured  material,  and/or  stishovite  up  to  100s  of  nms  wide),  and  unresolved  contrast  lamellae 
(layers  whose  defect  density  is  too  high  to  resolve  individual  features).  Transformation  lamellae  in 
particular  arc  unique  to  shock  metamorphism,  and  their  nature  and  genesis  remain  uncertain.  They 
commonly  occur  in  planes  of  zero  shear  stress,  and  possess  complex  substructures.  That  is,  narrow, 
(0001)  transformation  lamellae  are  seen  at  pressures  below  15  GPa,  whereas  wide  (>20  nm),  (lOln) 
transformation  lamellae,  often  with  oblique  sublamellae,  are  produced  at  pressures  of  ~18  (3Pa  and 
above.  We  interpret  these  as  the  loci  of  lattice  collapse,  with  no  evidence  for  signiHcant  production  of 
either  crystalline  phases  or  melt 

At  the  highest  shock  pressures,  transformation  lamellae  dominate  the  sample  which  becomes  completely 
amorphous.  Our  experiments  show  the  pressure  required  for  complete  amorphization  is  sensitive  to 
initial  temperature,  ranging  from  35-40  GPa  at  To=20°C  and  -22  GPa  at  To=1000®C.  Thus,  for 
example,  significantly  increased  amorphization  is  expected  on  hot  planetary  surfaces  compared  to  cold 
ones;  cold  surfaces  are  expected  to  produce  highly  disrupted  ejecta.  Because  the  extent  of 
amorphization  is  often  used  to  estimate  the  pressure  experienced  by  natural  impactites,  these  results 
emphasize  the  importance  of  allowing  for  pre-shock  temperature. 

With  increasing  shock  pressure,  the  quartz  Hugoniot  moves  gradually  hem  the  quartz  hydrostat  to  that 
of  a  denser  phase  in  the  range  10-40  GPa  as  quartz  progressively  transforms  to  a  dense,  disordered 
phase.  The  extent  of  the  phase  transformation  corresponds  to  the  abundance  of  transformation  lamellae 
induced  by  shock.  Our  TEM  observations  show  that  there  is  very  limited  or  no  production  of  high- 
pressure  crystalline  phases  due  to  kinetic  limitations.  However,  the  detailed  structure  of  the  dense 
Hugoniot  phase  is  not  known  but  it  has  an  equaUon-of-state  very  close  to  that  of  stishovite.  The  term 
"muted-phase  region"  (Grady  et  al..  1974)  is  used  to  describe  shock  loading  conditions  which  result  in 
P-V  states  intermediate  between  that  of  crystalline  quartz  and  of  shock-transformed  quartz. 
Measurements  on  thick  samples  (Podurets  etal..  1977)  implied  that  this  assemblage  is  formed  close  to 
the  shock  front  Thus,  the  lamellae  are  expected  to  form  by  propagation  of  linear  collapse  zones  at  or 
near  the  shock  front.  During  release,  the  densified,  amorphous  quartz  expands  to  ftxm  diaplectic  glass 
widi  no  signs  of  melting  or  flow,  in  contrast  to  fusion  glass.  Recently,  quasi-static  compression 
experiments  in  the  diamond-anvil  cell  above  -10  GPa  have  also  produced  gradual  amorphization  which 
becomes  complete  by  -35  GPa  (Hemley  et  al..  1988),  and  molecular  dynamics  (MD)  simulations  have 
essentially  reproduce  the  amorphization  process  (Tse  and  Klug,  1991).  Indeed,  the  process  of  pressure 
amorphization  is  now  recogniz^  in  a  wide  range  of  silicates,  as  well  as  other  oxides  and  iodides.  The 
process  of  pressure  amorphization,  first  recognized  in  shock  experiments,  is  thus  proving  to  be  a  genial 
phenomenon  associated  with  kinetically-frustrated  phase  transformations.  Our  results  indicate  the 
imptMlance  of  varying  initial  temperature  in  future  experiments  on  pressure-amoiphization. 


CRISTOBALITE 

Whereas  shock  of  brittle  single  crystals  often  causes  disaggregation,  shock-loading  of  oxide  powders 
can  induce  the  opposite  effect,  cementing  the  particles  into  tough  aggregates.  We  conducted  a  series  of 
shock  compaction  experiments  on  cristobalite,  the  high-temperature  and  low-pressure  polymorph  of 
Si02,  found  in  volcanic  rocks  and  devitrified  glasses.  This  provides  an  opportunity  to  study,  for  the 
first  time,  phase  transformations  of  this  form  of  silica  while  exploring  shock  compaction  of  silica 
powders. 

Like  quartz,  we  find  that  shock  caused  amorphization,  although  the  shock  pressure  was  considerably 
lower  (between  22  and  27  GPa)  than  in  quartz  (-35  GPa).  Unlike  quartz,  the  transformation  does  not 
proceed  along  lamellae;  also  unlike  quartz,  the  "mixed-phase"  regime  is  quite  narrow,  <5  GPa  wide  and 
possibly  much  smaller.  Despite  these  differences  in  transformation  kinetics,  physical  properties  of  the 
diaplectic  glass  made  from  cristobalite  arc  very  close  to  those  of  diaplectic  glass  made  from  quartz, 
suggesting  that  both  forms  of  silica  nansform  to  the  same,  disordered,  high-pressure  phase. 
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In  contrast  to  the  microfaulting,  which  broke  quartz  single  crystals  into  small  islands,  the  cristobalite 
grains  remain  intact  both  above  and  below  the  amorphization  pressure.  Melting  is  extensive  but 
confined  to  the  grain  boundaries,  where  it  created  a  bubbly  glass  which  cements  the  grains  into  a  tough 
composite  with  porosity  <2%.  The  assemblage  produced  is  unique,  consisting  of  a  pressure  glass 
cemented  by  a  fusion  glass.  Work  on  other  systems  show  that  yet  higher  pressures  result  in  total 
melting.  Thus,  shock-loading  presents  a  range  of  alternatives  for  convening  powders  into  consolidated 
aggregates  with  novel  properties. 


LABORATORY  SIMULATION  OF  EXPLOSIVE  VOLCANIC  LOADING 

The  discovery  of  an  Ir-rich  clay  layer  at  Cretaccous/Tcrtiary  (K/T)  boundary  layer  sites  (Alvarez  et  al.. 
1980)  has  been  used  as  evidence  that  the  boundary  and  accompanying  mass  extinctions  were  caused  by 
hypervelocity  meteorite  impact.  Detection  of  certain  deformation  features  in  boundary  layer  quartz  and 
feldspars  fBohor  et  al..  19^)  strongly  supports  an  impact  origin.  An  alternative  hypothesis  states  that 
deformation  observed  in  the  K/T  boundary  was  caused  by  intense  volcanism  (Officer  and  Drake,  1985). 
This  issue  has  been  investigated  extensively  and  references  were  reported  previously  (Gratz  et  al.. 
1992a).  We  have  simulated  explosive  volcanism  in  the  labcuatory  in  order  to  compare  microstiuctures 
of  material  recovered  in  the  laboratory  with  mateiial  from  the  K/T  boundary  to  learn  if  explosive 
volcanism  could  be  responsible  for  the  observed  effect 


The  purpose  of  the  experiment  is  to  preheat  a  rock  specimen  to  about  600  C,  impact  it  with  a  low- 
velocity  projectile  to  obtain  pressures  comparable  to  explosive  volcanism,  recover  the  rock  specimen, 
and  determine  the  microstnictuie  of  the  recovered  pressurized  minerals.  The  experiment  is  illustrated  in 
Fig.  S.  The  granite  specimen  is  preheated  in  a  furnace  to  600  C.  a  temperature  representative  of  rock 
around  a  volcanic  intrusion,  and  impacted  by  plastic  at  a  few  100  m/s  to  obtain  pressures  up  to  1.3  GPa. 
This  is  a  high  pressure  to  contain  brittle  rock  and  the  process  is  expected  to  be  representative  of  strong 
explosive  volcanism.  Granite  was  chosen  because  it  contains  quartz  and  other  silicate  rocks  found  in 
the  K/T  bounda^.  The  impact  ejecta  is  trapped  in  the  foam  and  is  found  in  the  form  of  small  particles, 
which  are  examined  by  optical  microscopy  and  TEM. 

The  dynamic  pulse  reduced  the  rock  to  sand-sized  and  larger  particles  ranging  from  about  100  pm  up  to 
about  S  mm.  Most  fracturing  was  intergrwular  and  individual  fragments  were  essentially  undamaged. 
No  evidence  was  found  of  o^er  deformation  features.  Thus,  deformation  features  commonly  observed 
in  the  K/T  boundary  and  associated  with  shock  metamotphism  were  not  found  in  these  specimens.  Our 
conclusion  is  that  meteorite  impact  is  the  only  hypthesis  capable  of  explaining  the  microstructures 
characteristic  of  shocked  quartz  and  feldspars  found  in  the  K/T  boundary  layer. 


Foam 


Retrieval 

Fixture 


Fig.  5.  Schematic  of  experimental  setup  to  simulate  volcanism  in  the 
laboratory.  A  plastic  projectile  at  a  few  1(X)  m/s  impacts  a  preheated 
granite  di.sk,  producing  ejecta  which  is  caught  in  foam. 
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CONCLUSION 

This  paper  describes  techniques  for  subjecting  a  variety  of  materials  to  dynamic  high  pressures  and 
recovering  them  for  characterization  of  material  structure  and  proprcrctics. 

*This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  under  Contact  No.  W- 
7405-ENG-48.  The  gas  gun  was  operated  by  N.  A.  Hinscy  who  performed  most  of  these  experiments. 
This  work  was  supported  by  the  LLNL  Branch  of  the  University  of  California  Institute  of  Geophysics 
and  Planetary  Physics  and  by  H  Division. 
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ABSTRACT 

Due  to  the  predicted  increase  in  the  severity  of  the  orbital  debris  environment  in  low-Earth  orbit,  the 
baseline  meteoroid/debris  protection  system  for  Space  Station  Freedom  (S.S.  Freedom)  must  be 
augmented  on  orbit.  In  response  to  this  need,  an  advanced  shield  design  effort  is  underway  at  NASA’s 
Marshall  Space  Flight  Center  (MSEC).  The  results  to  date  of  tliis  program  are  presented. 

A  series  of  18  hypervelocity  impact  tests  were  conducted  at  MSFC’s  Space  Debris  Simulation  Facility. 
These  tests  consisted  of  launching  aluminum  projectiles  at  velocities  up  to  7  km/s  to  evaluate  various 
design  solutions.  Parameters  investigated  include  shield  material  and  geometric  configuration 
(thickness,  spacing,  orientation,  and  arrangement)  in  relation  to  the  baseline  aluminum  “Whipple” 
bumper. 

The  results  of  the  hypervelocity  impact  tests  are  presented.  Comparison  with  protection  offered  by  the 
baseline  protection  system  is  made.  Evaluation  of  protection  offered  by  candidate  augmented  systems 
and  hydrocode  simulations  is  performed.  An  assessment  of  the  often-overlooked  suuctural  design 
considerations  such  as  launch  loads,  on-orbit  loads,  extravehicular  activity  requirements, 
maintainability,  etc.,  is  presented.  These  analyses  lead  to  the  identification  of  a  candidate  system  to 
augment  the  baseline  meteoroid/debris  protection  system  for  the  habitable  modules  of  S.S.  Freedom. 


INTRODUCTION 

The  evolution  of  the  standard  dual-sheet  aluminum  Whipple  shield  for  providing  protection  for 
spacecraft  from  meteoroids  and  orbital  debris  is  well  documented  (Whipple,  1947;  Cour-Palais,  1969; 
Swift  and  Hopkins,  1970)  The  baseline  protection  system  for  the  habitable  modules  for  S.S.  Freedom 
consists  of  a  dual-sheet  structure  for  its  initial  10  years  of  operation. 

With  the  adoption  of  the  revised  orbital  debris  environment  model  (SSP  30425,  1992),  it  is  evident 
that  additional  shielding  will  be  required  to  provide  the  level  of  protection  specified  by  program 
requirements.  The  "new”  environment  raised  the  orbital  debris  flux  (number  of  particles  at  a  given  size 
and  velocity  per  square  meter  per  year)  by  an  order  of  magnitude  over  the  original  model  adopted  by 
the  S.S.  Freedom  program.  Tests  and  analyses  show  that  additional  protection  will  be  required  to  meet 
the  initial  requirement  of  0.9955  probability  of  no  failure  per  element  per  10  years,  as  well  as  the  30- 
year  life  of  the  station. 

In  this  effort,  shield  configurations  were  evaluated  in  terms  of  design  and  operational  simplicity  as 
well  as  penetration  resistance.  All  too  often,  shield  protection  systems  are  designed  based  on 
protection  afforded  and  shield  weight  alone.  The  often-significant  support  structure  mass  is  neglected. 
With  the  advent  of  long  duration  spacecraft  such  as  S.S.  Freedom,  on-orbit  loads,  extravehicular 
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activity,  and  maintainability  become  design  drivers.  Candidate  configurations  are  evaluated  in  terms  of 
all  of  these  factors. 


S.S.  FREEDOM  BASELINE  PROTECTION  SYSTEM 

To  meet  the  prescnbed  probability  of  no  failure,  the  baseline  protection  system  for  the  habitable 
modules  consists  of  a  single  aluminum  shield  spaced  a  finite  distance  from  the  pressure  wall  as  shown 
in  Fig.  1.  The  shields  cover  the  Habitation,  Laboratory,  and  Pressurized  Logistics  Elements  as  well  as 
the  Resource  Nrxles.  Kalil  and  Stokes  (1992)  provide  a  thorough  overview  of  the  meteoroid/debris 
protection  system. 

The  means  by  which  tlie  Whipple  bumper  system  protects  the  spacecraft  is  illustrated  in  Fig.  2  (Elfer 
and  Kovacevic,  198.*>).  The  bumper  is  designed  to  fragment,  melt,  or  vaporize  the  projectile  and 
disperse  its  energy  over  a  wider  area  on  the  rear  wall.  If  the  bumper  is  too  thin,  the  projectile  will  not 
be  shocked  sufficiently  to  disperse  the  energy.  Conversely,  if  the  bumper  is  too  thick,  the  system 
weight  increases  and  bumper  fragments  can  be  projected  onto  the  rear  wall.  The  pressure  wall  must  be 
designed  to  withstand  the  blast  loading  and  fragments  present  in  the  debris  cloud  generated  at  the 
impact  site. 

For  S.S.  Freedom,  the  pressure  wall  thickness  is  set  at  0.3175  cm  of  2219-T87  aluminum.  With  the 
adoption  of  the  new  environment,  the  present  system  will  not  adequately  defeat  the  increase  in 
projectile  mass.  National  Space  Transportation  System  launch  weight  restrictions  prohibit  the  addition 
of  more  shielding,  and  envelope  constraints  deny  increased  standoff  distance  prior  to  launch. 
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Fig.  1 .  S.S.  Freedom  Baseline  Meteoroid/Debris  Shield 
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llypervelocity  impact  will  fragment/melt/ 
vaporize  the  projectile  and  bumper. 


The  rear  wall  must  then  survive  the 
fragments  and  blast  loading. 


Fig.  2.  Whipple  Bumper  System  (Elfer  and  Kovacevic,  1985) 
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EXPERIMENTAL.  PR(K:EDURE 

This  program  examined  two  different  approaches  to  augment  the  existing  S.S.  Freedom 
meteoroid/debris  protection  system.  The  first  approach  consisted  of  placing  an  additional  shield 
between  the  existing  bumper  and  pressure  wall.  The  second  approach  placed  the  augmentation  in  front 
of  the  existing  baseline  configuration. 

Each  test  was  performed  at  MSI-C  in  the  Space  Debris  Impact  Facility  (Taylor,  1987).  The  facility 
consists  of  an  instrumented  two-stage  light  gas  gun  capable  of  launching  projectiles  0.3)75  to  1.27  cm 
in  diameter  at  velwities  from  3  to  7  km/s.  A  schematic  of  the  facility  is  shown  in  Fig.  3.  Projectile 
velocity  measurements  are  accomplished  by  a  pulsed  x-ray  system  and  a  Hall  photographic  station.  A 
description  of  the  test  article  for  each  shot  is  listed  in  Table  1 .  Some  factors  were  held  constant  for 
each  test.  An  1 100-0  aluminum  spherical  projectile  was  used  for  each  test  along  with  a  0.3175  cm 
2219-T87  aluminum  panel  to  simulate  the  pressure  wall.  Each  test  also  had  a  20-layer  multilayer 
insulation  (MIJ)  blanket  located  halfway  between  the  baseline  shield  and  the  rear  wall.  Impact 
parameters  for  each  shot  are  listed  in  Table  2  along  with  the  impact  damage  to  the  rear  wall. 


(location  of  (Dordin  High  Speed  Camera) 
Fig.  3.  MSEC  Space  Debris  Impact  Facility 


TEST  MATRIX  AND  RESULTS 

Two  different  approaches  were  taken  to  investigate  means  of  augmenting  the  existing  protection 
system.  Ihe  first  consisted  of  placing  an  additional  shield  between  the  existing  bumper  and  pressure 
wall.  The  function  of  an  intermediate  shield  is  to  reduce  the  debris  cloud’s  largest  fragment  size  and 
velocity  which,  in  turn,  alters  tlie  pre.S5aie  loading  on  the  rear  wail  fPiekutowski,  1991).  Although 
studies  of  more  sophisticated  intermediate  shields  are  underway  (Zwiener,  et  al.,  1992),  style  710 
Kevlar®  cloth  (8  ounces  per  square  yard)  was  chosen  for  shots  1323,  1325,  and  1333  based  on 
previous  work  by  Elfer  (1988). 

Test  1323  consisted  of  placing  four  layers  of  Kevlar®  immediately  in  front  of  the  MLI  and  replacing 
the  0.127-cm  bumper  with  a  0.102-cm  bumper.  The  total  arei  density  of  this  configuration  is 
approximately  11.5-percent  greater  than  that  of  the  baseline  system.  The  projectile  impacted  the 
bumper  at  45°  obliquity.  From  an  interpolated  ballistic  limit  curve  for  the  baseline  system  (Bjorkman, 
199 1 ),  the  ballistic  limit  veUKity  for  a  0.635-cm  projectile  is  7. 1  km/s.  No  perforation  resulted. 
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Table  1 .  Test  Article  Data 


Test 

Conflg  Total 

Bumper  1-a 

Bumper  2 

Bumper  3 

Bumper  4 

Total 

No. 

S/0 

t 

Areal 

t 

Areal 

t 

Areal 

t 

Areal 

Areal 

cm 

cm 

Den 

cm 

Den 

cm 

Den 

cm 

Den 

Den 

t;/pii^2 _ }</cm**2 _ g/cni*2 _ g/cin*2  e/cm'^2 


1323 

IB 

10.16 

0.102 

0.276 

4  Layers-b  0.109 

0.384 

1325 

Corr  IB 

10.16 

0.102 

0.276 

4  Layers-b  0.109 

0.384 

1333 

m 

10.16 

0.102 

0.276 

3  Layers-b  0.081 

0.357 

1334 

Corr  IB 

10.16 

0.102 

0.276 

0.051  0.138 

0.413 

1353 

DB 

30.48 

0.127 

0.345 

0.127  0.345 

0.689 

1354 

DB 

30.48 

0.127 

0.345 

0.127  0.345 

0.689 

1369 

DB 

30.48 

0.127 

0.345 

0.127  0.345 

0.689 

1370 

Hyb  MS 

40.64 

0.081 

0.221 

2  Layers-c  0.088 

2  Layers-c 

0.088 

0.127 

0.345 

0.741 

1371 

Hyb  MS 

40.64 

0.081 

0.221 

2  Layers-c  0.088 

2  Layers-c 

0.088 

0.127 

0.345 

0.741 

1372 

Hyb  MS 

40.64 

0.081 

0.221 

2  Layers-c  0.088 

2Layejs-c 

0.088 

0.127 

0.345 

0.741 

1373 

DB 

40.64 

0.127 

0.345 

0.127  0.345 

0.689 

1374 

AIMS 

40.64 

0.051 

0.138 

0.051-d  0.138 

0.051-d 

0.138 

0.127 

0.345 

0.758 

1375 

AIMS 

40.64 

0.051 

0.138 

0.051-d  0.138 

0.051-d 

0.138 

0.127 

0.345 

0.758 

1376 

DB 

40.64 

0.160 

0.434 

0.127  0.345 

0.779 

1377 

DB 

30.48 

0.160 

0.434 

0.127  0.345 

0.779 

1378 

DB 

40.64 

0.160 

0.434 

0.127  0.345 

0.779 

1379 

DB 

30.48 

0.160 

0.434 

0.127  0.345 

0.779 

1383 

DB 

40.64 

0.127 

0.345 

0.127  0.345 

0.689 

IB  -  Intermediate  Bumper 

Corr  IB  -  Corrugated  with  Intermediate  Bumper 

DB  -  Double  Bumper 

Hyb  MS  -  Hybrid  Multi-Shock 

A1  MS  -  Aluminum  Multi-Shock 


a  -  All  bumpers  are  6061 -T6  A1  unless  stated 
b  -  Kevlar®  Style  710  blanket 
c  -  AF26  Nextel  blanket 
d  -  2024-T4  Aluminum 


Table  2.  Hypervelocity  Impact  Data 


Test  Confls  Projectile 

Rear  Sheet  Damage 

No.  Dla  Vel 

Perf 

Hole 

Damage 

Comments 

cm  km/s 

Size 

Area 

cm 

1323  IB 
1325  Corr  IB 

1333  IB 

1334  Corr  IB 

1353  DB 

1354  DB 

1369  DB 

1370  Hyb  MS 

1371  Hyb  MS 

1372  Hyb  MS 

1373  DB 

1374  AIMS 

1375  AIMS 

1376  DB 

1377  DB 

1378  DB 

1379  DB 


0.635 

7.1 

0.635 

7.0 

0.795 

7.0 

0.635 

7.0 

0.953 

6.6 

0.953 

3.6 

0.953 

6.2 

0.953 

6.6 

0.953 

6.2 

0.953 

3.6 

6.6 

6.6 

^  n 

3.6 

3.6 

9 

3.6 

9 

6.6 

R  9 

6.6 

191 9 

3.6 

No 

3.8  X  7.6 

No 

5.1  dia 

Yes 

1.2  dia 

7.1  dia 

No 

8.9  X  10.2 

No 

12.7  dia 

Yes 

0.84  X  0.46 

10.2  dia 

No 

16.5  dia 

No 

None 

No 

None 

Yes 

0.89  X  0.66 

6.4  dia 

No 

6.4  dia 

No 

None 

Yes 

0.38  &  0.66  dia 

12.7  dia 

No 

11.4  dia 

No 

1 1 .4  dia 

No 

2.5  dia 

No 

6.4  dia 

Yes 

0.58.0.58,0.43 

7.6  dia 

No  ertrs 
No  ertrs 

Petalled  hole  w/  cracks 
No  ertrs 
No  ertrs 

4  ertrs  w/  rear  surf  dmpls 
No  ertrs 
No  damage 
No  damage 

2  ertrs  w/  rear  surf  dmpls 
No  ertrs 
No  damage 

8  ertrs  w/  rear  surf  dmpls 

6  ertrs  w/  rear  surf  dmpls,  1  w/  creks 

9  ertrs  w/  rear  surf  dmpls,  2  w/  creks 
No  ertrs 
No  ertrs 

10  ertrs  w/  rear  surf  dmpls 
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Shot  1333  had  three  layers  of  Kevlar®  versus  four  layers  in  shot  1323  to  more  closely  replicate  the 
areal  density  of  the  baseline  system  (+3.6  percent).  A  larger  projectile  (0.795  cm)  impacted  normally, 
resulting  in  a  petalled  hole.  At  7  km/s,  the  interpolated  critical  diameter  is  0.72  cm.  No  appreciable 
increase  in  penetration  resistance  is  noted. 

Shots  1325  and  1334  sought  to  combine  the  benefits  of  intermediate  shields  with  corrugated  bumpers. 
Schonberg  (1990)  reported  an  increase  in  penetration  resistance  by  using  equal  weight  corrugated 
bumpers  versus  monolithic  bumpers.  An  additional  benefit  would  be  an  inherent  stiffness  to  more 
3ptly  handle  significant  launch  loads. 

Test  1325  utilized  a  30°  corrugation  angle  as  shown  in  Fig.  4.  In  test  1334,  the  Kevlar®  was  replaced 
with  a  0.051 -cm  sheet  of  2024-T4  aluminum.  Both  resulted  in  no  penetration  as  predicted  by  the 
ballistic  limit  curve. 

From  a  structural  design  viewpoint,  it  would  be  difficult  to  install  an  intermediate  shield  on-orbit  using 
extravehicular  activity  (EVA).  The  amount  of  penetration  resistance  gained  would  not  be  worth  the 
many  hours  of  EVA  time.  The  Kevlar®  intermediate  shields  also  generated  an  extraordinary  amount  of 
broken  and  loose  fibers  as  shown  in  Fig.  4.  This  could  pose  a  contamination  threat  to  S.S.  Freedom 
components.  The  promise  of  corrugated  shields  should  be  investigated  further. 

Based  upon  these  findings,  an  investigation  into  augmented  shielding  external  to  the  existing 
protection  was  initiated.  It  has  been  shown  that  increasing  the  total  standoff  distance  from  the  bumper 
to  the  rear  wall  will  increase  the  penetration  resistance  of  the  structure  (Lundeburg,  Stem  and  Bristow, 
1%7;  Cour-Palais,  1969;  Richardson,  1969).  Even  so,  there  appears  to  be  a  point  of  diminishing  return 
at  a  specific  distance.  In  general,  there  is  ample  room  outside  the  baseline  shield  to  add  material 
without  diminishing  S.S.  Freedom  operations. 


Fig.  4.  Test  1325  Corrugated/Intermediate  Bumper  Test  Article 


Tests  1370,  1371,  and  1372  were  performed  to  investigate  a  concept  proposed  by  Boeing  Defense  and 
Space  Group  to  deal  with  the  increasing  severity  of  the  environment.  A  derivative  of  the  multishock 
concept  (Cour-Palais  and  Crews,  1990),  it  employs  two  Nextel  shields  and  one  0.081 -cm  6061-T6 
aluminum  bumper  in  a  30.48-cm  standoff  package  as  shown  in  Fig.  5.  Although  Christensen  (1990) 
has  derived  a  set  of  equations  for  sizing  a  hybrid  multishock  system,  he  does  not  incorporate  a  leading 
aluminum  bumper.  MSFC  and  Boeing  shield  designers  interpret  the  design  requirements  to  specify  a 
hard  surface  to  resist  a  crew  member’s  kick-off  load,  thus  the  need  for  an  aluminum  outer  shield.  Also, 
one  of  the  advantages  of  multishock  shielding  is  the  reduction  in  thickness  of  the  rear  surface.  The 
pressure  vessel  wall  thickness  for  S.S.  Freedom's  habitable  elements  is  set  at  0.3175  cm  due,  in  part, 
to  loads  and  manufacturing  concerns  and  cannot  be  changed  at  this  stage  in  the  design  cycle. 
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As  shown  in  Table  2,  the  0.953-cm  projectile  perforated  the  rear  wall  at  3.6  km/s,  but  not  at  6.2  or 
6.6  km/s.  Additionally,  at  both  the  higher  velocities,  the  baseline  shield  was  not  perforated;  it  suffered 
a  15-cm  diameter  by  2.5-cm  deep  bulge.  The  Nextel  layers  were  severely  damaged  as  shown  in  Fig.  5. 
They  experienced  tlie  same  type  of  failure  as  the  intermediate  Kevlar®  layers  and  pose  the  same  type 
of  threat  to  S.S.  Freedom. 


Fig.  5.  Test  1370  Hybrid  Multishock  Test  Article 


Tests  1374  and  1375  examined  a  derivative  of  the  aluminum  multishock  configuration  proposed  by 
Cour-Palais  and  Crews  (1990).  Three  0.05 1-cm  2024-T4  aluminum  shields  were  spaced  at  10.16-cm 
intervals  in  front  of  the  baseline  configuration.  Although  they  failed  at  3.6  km/s,  at  6.6  km/s  they 
produced  no  rear  wall  damage. 

The  remaining  tests  investigated  die  use  of  double  aluminum  shields.  Richardson  and  Sanders  (1972) 
conducted  impact  tests  of  double  aluminum  bumpers  and  found  them  to  be  over  twice  as  efficient  as 
single  bumpers  in  resisting  perforation  in  tlie  fragmentation  regime.  Although  the  majority  of  the 
orbital  debris  impacts  will  be  in  the  molten  and  vaporization  regimes,  it  is  still  thought  that  double 
bumpers  can  provide  the  required  protection.  The  two  shield  thicknesses  tested  were  0.127  and  0.160 
cm  located  at  botli  20.32  and  30.48  cm  in  front  of  the  baseline  shield. 

Tests  1353,  1354,  and  1369  had  a  0.127-cm  bumper  located  20.32  cm  in  front  of  the  baseline  shield. 
Again,  perforation  occurred  at  3.6  km/s,  but  not  at  the  higher  velocities  as  shown  in  Fig.  6.  Tests  1377 
and  1379  examined  a  0.160-cm  shield  at  20.32-cm  additional  standoff.  This  configuration  survived 
both  the  3.6  and  6.6  km/s  impacts  with  no  perforations. 

Moving  each  of  tlicsc  shield  thicknesses  out  an  additional  10.16  cm  reduced  the  rear  wall  damage 
further  as  shown  in  die  results  of  Tests  1373,  1376,  1378  and  1383. 


Fig.  6.  Test  1369  Double  Bumper  Test  Article 


DESIGN  CONSIDERATIONS 

As  previously  stated,  all  too  often  meteoroid/debris  protection  systems  are  designed  in  terms  of 
penetration  resistance  and  shield  weight  alone.  Otlrer  considerations,  such  as  support  structure  and 
launch  loads,  are  considered  after  the  design  is  accepted.  Also,  witli  the  advent  of  long  duration 
spacecraft,  such  as  S.S.  Freedom,  maintainability  (repair  and  replacement),  EVA  operations,  and 
residual  effects  become  imporuint  considerations. 

Although  launch  loads  are  not  a  consideration  for  on-orbit  installed  shields,  die  support  structure  is  a 
factor.  Not  only  docs  it  support  the  baseline  iind  augmented  protection,  but  it  must  react  loads  induced 
by  a  crew  member  in  an  IvVA  suit.  While  IvVA  requirements  are  still  being  formulated,  a  gixid  guide 
to  start  witli  is  the  requirements  for  intravchicular  activity  (IVA).  The  current  IVA  requirement  for 
handholds  is  the  ability  to  witlistand  1,113  Newtons  of  force  in  all  directions  (NASA-STD-3()(K). 
1991).  As  standoff  distance  increases,  tlie  moment  arm  at  which  the  load  is  applied  increases.  This,  in 
turn,  leads  to  a  massive  fitting  to  react  tlicse  loads.  It  is  anticipated  tliat  Uie  liVA  loads  will  be  even 
greater.  Compound  this  with  tlie  requirement  tliat  handholds  be  spaced  no  greater  than  90  cm  apart. 
This  leads  to  approximately  1 10  fittings  for  one  S.vS.  Freedom  element. 

Another  suuctural  consideration  is  to  be  able  to  witlisuuid  tlie  “kick  load"  from  accidental  impact  by  a 
crew  member.  'Diis  load  has  been  estimated  to  be  556  Newtons.  Based  on  tliis,  a  rigid  surface  is 
preferred  to  a  fabric  as  an  outer  shield. 

The  benefits  of  multiple  tliin  shields  to  reduce  weight  also  have  a  penalty.  Die  requirement  to  support 
and  separate  .several  layers  and  meet  I'VA  load  requirements  could  lead  to  substantial  support 
structure.  Before  a  decision  is  made  to  use  multiple  bumpers  (more  tlian  two),  a  trade  must  be 
performed  to  consider  the  total  mass  of  tlie  system  versus  penetration  resistance. 

Since  the  augmented  protection  is  to  be  assembled/iiisUilled  on-orbit,  design  simplicity  is  a  must  With 
EVA  crew  time  at  a  premium  (as  evidenced  by  ihe  May  1992  space  shuttle  retrieval  of  the 
IN'nH.SA D,  even  a  small  difference  in  installation  time  can  m;ike  a  difference  Manual  dexterity  of 
tlie  liVA  gloved  crew  member  must  be  considered 
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In  addition  there  are  several  other  structural  details  that  must  be  addressed.  Means  of  attaching  shields 
must  be  EVA  compatible.  Protection  systems  must  provide  access  (122  cm  diameter  cylinder)  for  a 
cTew  member  to  inspect  tiie  rear  wall.  The  shield  must  remain  within  the  temperature  ranges  for  EVA 
touch  temperatures  as  well  as  meet  tliermal/optical  levels.  Hardware  must  be  transportable  to 
installation  points. 

Maintainability  of  the  protection  system  is  also  a  prime  concern.  Given  the  size  of  the  habitable 
modules  of  S.S.  Freedom  (approximately  720  m-  of  surface  area),  maintenance  can  only  be  performed 
periodically  and  must  be  simple  to  perform.  The  shields  must  be  repairable  and/or  replaceable  in  situ 
with  a  minimal  level  of  effort.  Following  a  noncritical  impact  (e.g.,  nonperforation  of  the  rear  wail), 
the  protection  system  must  still  provide  protection  from  the  total  environment  as  much  as  possible. 


HYDROCODE  ANALYSIS 

John  Tipton  of  Uie  U.S.  Army  Corps  of  Engineers  performed  a  hydrocode  analysis  of  the  double 
aluminum  bumper  concept.  Using  the  HULL  code,  a  simulation  of  test  1369  was  conducted.  Prior  to 
impacting  the  second  bumper,  the  problem  is  rezoned  to  allow  more  e^'clent  use  of  computer 
resources.  Also,  to  alleviate  premature  loss  of  mass,  the  strength  model  is  not  active  until  just  before 
the  debris  cloud  strikes  the  rear  wall. 

This  two-dimensional  axisymmetric  computer  simulation  shows  agreement  with  the  test  data.  More 
simulations  at  other  test  points  could  prove  HULL  to  be  applicable  in  the  testable  regime. 


CONCLUSIONS 

Based  on  the  aforementioned  arguments  and  the  very  limited  testing  performed  in  this  effort,  the  most 
promising  advaticed  shield  design  appears  to  be  a  double  aluminum  bumper  system  with  a  0.160-cm 
t)uter  shield.  The  perforation  resistance  is  comparable  to  the  hybrid  multishock  system  tested  in  shots 
1370,  1371,  and  1372  wiili  only  a  5-percent  increase  in  areal  density.  This  weight  difference  should  be 
overcome  due  to  the  minimal  support  structure  required.  Hill  (1992)  has  devised  a  simple  means  of 
attaching  an  additional  rigid  shield  to  tlie  baseline  bumper  with  no  extra  support  structure  other  than 
fasteners.  Tlie  concept  is  shown  in  Fig.  7,  botli  schematically  and  applied  to  a  cylinder. 

Plans  call  for  more  hypervelocity  impact  testing  to  evaluate  both  double  bumper  and  multishock 
protection  systems.  Concurrent  with  tliis  effort  will  be  design  trades  to  develop  efficient  means  of 
supporting  and  assembling  the  systems  as  well  as  meeting  tlie  other  design  criteria. 


Fig.  7.  Double  Bumper  "Hat  Section"  Design  Concept 
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ABSTRACT 

Calculations  of  steel  target  penetration  by  L/D  <  1  tungsten  and  tungsten  alloy  projectiles  have  been  extended  to 
L/D  =  1/32  over  the  velocity  range  1.5  to  5  km/s.  The  ratio  of  crater  to  projectile  diameter  tends  to  1  as  L/D 
decreases  over  this  entire  velocity  range.  For  impact  velocities  of  1.5  and  3  km/s,  penetration  depth  normalized  by 
projectile  length,  P/L,  increases  with  decreasing  projectile  L/D  up  to  a  maximum  value  and  then  decreases  for  still 
lower  L/D.  Experiments  at  impact  velocities  of  2  and  3  km/s  confirm  these  results.  For  5  km/s  impact  velocity,  the 
calculations  show  P/L  increasing  with  decreasing  projectile  L/D  over  the  entire  range  1/32  <  L/D  <  1.  The  projectile 
L/D  for  which  the  maximum  P/L  occurs  appears  to  depend  on  the  impact  velocity.  P/L  generally  scales  with  impact 
velocity  as  P/L  ~  vf(W))  where  f(L/D)  ranges  from  0  for  a  long  rod  to,  we  believe,  2  in  the  limit  as  projectile  L/D 
approaches  zero.  The  calculations  show  for  1/8  <  L/D  <  1/2,  P/L  ~  for  L/D  =  1/16,  P/L  -  v'-^;  and  for 
L/D  =  1/32,  the  new  results  give  P/L  ~  v'-’. 


NOTATION 

a  (Pp/Pi)''^ 

P  Dc/D 

0,<!)'  proportionality  constant 
pp  projectile  density 

p,  target  density 

^  axial  coordinate 

C],  C2,  C3  curve  fitting  constants 
Cp  projectile  sound  speed 

Cl  target  sound  speed 

D  projectile  diameter 


Dc  crater  diameter 
K  constant 
L  projectile  length 
m  curve  fitting  exponent 

n  curve  fitting  exponent 

P  depth  of  penetration 

q  curve  fitting  exponent 

Up  penetration  velocity 
Us  shock  velocity 


u  axial  velocity  along  projectile/ 
target  centerline 
V  impact  velocity 
Yo  flow  stress 
Z  shock  impedance  ratio: 

Zp  projectile  shock  impedance: 
Pplltslp 

Zt  target  shock  impedance:  pt(Us)i 


INTRODUCTION 

Earlier  results  from  this  ongoing  study  of  the  penetration  mechanics  and  performance  of  L/D  <  1  projectiles  are 
given  in  Orphal  et  al.,  (1992)  and  OiTihal  et  al.  (1990).  This  paper  extends  these  earlier  results  to  projectile 
L/D  =  1/32.  Also,  the  calculational  results  are  now  compared  with  experimental  data  at  2  km/s  reported  by  Bjerke, 
et  al.  (1992)  and  the  results  of  our  recent  experiments  at  2  and  3  km/s. 

The  penetration  physics  of  L/D  <  1  projectiles  has  not  been  studied  extensively,  and  among  the  many  questions  of 
interest  are  the  scaling  of  penetration  depth  and  crater  dimensions  with  velocity  and  projectile  L/D.  It  is  now  well 
established  that  the  penetration  depth,  P,  for  long  rods  at  high  velocity  becomes  essentially  independent  of  velocity, 
e.g.,  Tate  (1969)  and  Hohler  and  Stilp  (1987).  That  is,  P  -  vO.  For  this  case,  crater  or  target  hole  volume  is 
essentially  proportional  to  kinetic  energy  (Murphy,  1987),  and  therefore,  crater  or  hole  diameter,  Dc,  is  proportional 
to  V. 


For  the  case  of  an  L/D  =  1  projectile  at  high  velocity,  craters  are  approximately  hemispherical  in  shape  and  crater 
volume  is  proportional  to  the  kinetic  energy  of  impact.  Therefore,  for  L/D  =  1  projectiles  P  ~  v^TJ  and  Dc  ~  v^TJ. 
Although  v2/3  scaling  is  often  assumed  for  L/D  =  1  projectiles,  e.g.,  Murphy  (1987),  detailed  analyses  of 
experimental  data  and  calculational  results  suggest  that  penetration  may  scale  more  closely  to  v^  *  (Walsh  and 
Johnson,  1965;  Sedgwick  1980). 

Research  on  penetration  by  projectiles  with  L/D  <  1  suggests  that  the  scaling  of  penetration  depth  with  velocity  may 
be  P  ~  v"  with  n  >  2/3  (Orphal  et  al.,  1992,  Orphal  et  al..  1990;  Orphal  and  Franzen,  1990;  Herbette,  1989).  It  is 
hoped  that  this  research  will  al.so  extend  understanding  of  the  variation  of  target  crater  volume  and  shape  with 
projectile  L/D  and  impact  velocity. 
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HYDROCODE  CALCULATIONS 

Computations  were  performed  assuming  axial  symmetry.  The  calculations  were  performed  over  a  period  of  time 
using  two  different  finite  difference  Eulerian  “hydrocodes”:  the  3-D  code  CTH  (McGlaun  et  al.,  1988)  and  the  2-D 
code  CSQIII  (Thompson  and  McGlaun,  1  "38).  In  many  cases,  the  same  computation  was  performed  using  both 
codes.  Generally  it  was  found  that  the  two  codes  gave  very  similar  results. 

The  matrix  of  computer  calculations  performed  is  given  in  Table  1 .  In  Table  1  CSQ  calculations  are  denoted  with  a 
dot  (♦)  and  CTH  calculations  with  a  cross  (+). 

Table  1.  Matrix  of  Computer  Calculations. 


L/D 

1.5 

Impact  Velocity  (km/s) 

3.0 

5.0 

1/1 

+ 

•+ 

+ 

1/2 

+ 

♦+ 

• 

1/4 

•  + 

•+ 

• 

1/8 

•+ 

•+ 

•+ 

1/16 

+ 

•+ 

+ 

1/32 

+ 

+ 

+ 

In  the  CSQ  calculations  the  materials  were  assumed  to  behave  as  elastic-perfectly  plastic  with  a  flow  stress  Yo-  The 
constitutive  parameters  for  the  CSQ  calculations  are  given  in  Orphal,  et  al.  (1990).  In  the  CTTH  calculations  for 
1/16  S  L/D  <  1,  the  steel  target  was  modeled  using  the  Johnson-Cook  4340-steel  model  which  included  strain 
hardening.  The  constitutive  parameters  for  the  Johnson-Cook  model  used  in  these  CTH  calculations  are  given  in 
Johnson  and  Cook  (1985).  For  the  most  recent  CTH  calculations  for  L/D  =  1/32,  the  tungsten  and  steel  were 
modeled  as  elastic-perfectly  plastic  with  the  same  constitutive  parameters  as  Oiphal,  et  al.  (19W). 

The  diameter  for  the  penetrator  was  1 .0  cm.  Typical  zoning  was  0.5-mm  square  zones  for  the  L/D  =  1  and  L/D  =  1/2 
penetrator  problems.  For  penetrators  with  L/D  <  1/4, 10  zones  were  used  through  the  penetrator  length  (thickness). 
Computing  times  on  a  CRAY  Y-MP  ranged  from  approximately  10  minutes  to  more  than  2  hours,  depending  on  the 
L/D  and  impact  velocity. 


COMPUTATIONAL  RESULTS 

Results  for  penetration  P  are  presented  in  terms  of  the  normalized  penetration  depth  P/aL,  where  a  =  (Pp/pt)’'^^  and 
Pnand  Pi  are  the  projectile  and  target  material  densities,  respectively.  This  allows  combining  the  results  for 
calculations  u.sing  pure  tungsten  (Pp  =  19.2  ^cm^)  with  those  using  a  tungsten-alloy  penetrator  (p,  =  17.4  g/cm^). 
The  use  of  the  square  root  of  the  ratio  of  densities  to  perform  this  normalization  is  an  assumption,  but  it  is  consistent 
with  both  theory  and  experimental  results  for  high-velocity  long  rods  (Tate,  1969;  Hohler  and  Stilp,  1987).  The 
square  root  of  the  density  ratio  is  also  suggested  by  the  results  reported  by  Sedgwick  (1980).  On  the  other  hand, 
some  researchers  have  suggested  that  penetration  should  scale  as  (pJpi)'^^  or  (pp/pi)^/^  for  L/D  =  1  projectiles 
(Herrmann  and  Wilbeck,  1987).  For  this  paper  we  choose  a  =  (pp/pi)'*for  normalization.  This  assumption  has  no 
effect  on  the  essential  results  presented  here;  however,  this  scaling  for  high  velocity  projectiles  with  L/D  <  1 
deserves  further  examination. 


Penetration  Versw;  Projectile  L/D 

Figure  1  shows  the  calculated  normalized  penetration,  P/aL,  versus  projectile  L/D  for  impact  velocities  of  1.5,  3 
and  5  km/s.  For  all  three  impact  velocities,  P/aL  increases  with  decreasing  projectile  L/D  over  the  range 
1/8  <  L/D  <  1.  For  an  impact  velocity  of  1.5  km/s,  P/aL  reaches  a  maximum  at  a  projectile  L/D  -  1/8  and  for 
L/D  <  1/8  penetration  decreases  with  decreasing  L/D.  The  3  km/s  calculations  show  the  same  phenomena  with  the 
maximum  in  P/aL  occurring  for  L/D  ~  1/16.  The  results  for  an  impact  of  5  km/s  exhibit  no  maximum  in  the  P/aL 
versus  L/D  curve  for  the  range  of  L/D  studied. 

These  results  combined  suggest  that  P/aL  achieves  a  maximum  as  L/D  is  decreased.  The  L/D  for  which  this 
maximum  occurs  appears  to  depend  on  the  impact  velocity.  This  is  consistent  with  the  results  reported  in  Orphal,  et 
al.  (1 W2)  and  both  the  experimental  and  computational  results  reponed  by  Bjerke,  et  al.  (1992). 

The  variation  in  P/aL  with  L/D  (before  the  maximum  in  the  P/aL  versus  L/D  curve)  can  be  approximated  by  a 
power  law 


P/oL  =  c,  (L/D)"> 


(I) 
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L/D 

Fig.  1.  P/aL  versus  projectile  L/D. 


The  computational  results  give  the  following  values  for  the  exponent  in  (and  the  correlation  coefficient  r^)  over  the 
range  of  projectile  L/D  indicated. 


V  (km/s) 

m 

Range  of 
Projectile  L/D 

1.5 

-0.29  (r2  =  0.97) 

1/8  <  L/D  <  1 

3.0 

-0.36  (r2  =  0.96) 

1/16  S  L/D  <1 

5.0 

-0.43  (r^  =  0.99) 

1/32  <  L/D  <  1 

P/aL  Versus  Impact  Velocity 

The  computational  results  for  P/aL  versus  impact  velocity  are  plotted  in  log-log  space  in  Fig.  2.  The  data,  of  course, 
are  limited  but  the  results  do  seem  relatively  linear  in  log-log  space.  If  the  variation  of  P/aL  with  velocity  is 
assumed  to  be  a  power  law  of  the  form 

P/aL  =  C2  v"  (2) 


Fig.  2.  Normalized  penetration  versus  impact  velocity. 
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the  computational  results  give  the  following  values  for  the  exponent  n: 


Projectile  L/D 

n  in  v" 

r2 

1/1 

0.^ 

1/2 

0.84 

0.98 

1/4 

0.87 

0.90 

1/8 

0.91 

0.97 

1/16 

1.54 

0.94 

1/32 

1.95 

0.97 

Figure  3  shows  the  exponent  n  (in  P/oL  =  C2  v”)  versus  1/(L/D).  These  results  suggest  that  n  is  greater  than  1  and 
varies  rapidly  for  1/8  S  L/D  <  1/32.  The  obvious  question  of  the  limiting  value  for  n  as  L/D  approaches  zero  is 
discussed  below. 


Fig.  3.  n  in  (P/aL)  =  C2v"  ttnd  q  in  Dc/D  =  C3V^  versus  1/(L/D). 


Crater  Diameter  Versus  Impact  Velocity  and  Projectile  UD 

Figure  4  shows  the  computed  crater  diameter,  Dc,  nonnalized  by  the  projectile  diameter,  D,  versus  impact  velocity. 
Again,  the  linearity  in  log-log  space  suggests  a  power  law  of  the  form 

(Dc/D)  =  C3  v4  0) 


Fig.  4.  Dc/D  versus  v. 
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A  least  squares  fit  of  the  computational  results  gives  the  following  values  for  the  exponent  q: 


Projectile  UD 

q 

- - 

1/1 

0.7fl 

0.99 

1/2 

0.50 

0.97 

1/4 

0.40 

0.98 

1/8 

0.44 

0.99 

1/16 

0.36 

0.95 

1/32 

0.12 

0.87 

The  exponent  q  in  (Dc/D)  =  C3  vfl  versus  i/(L/D)  is  also  plotted  in  Fig.  3.  The  calculational  results  suggest  that 
(Dc/D)  is  becoming  independent  of  impact  velocity  as  projecdle  L/D  approaches  zero. 

Figure  5  shows  the  computed  normalized  crater  diameter,  Dc/D,  versus  projectile  L/D  for  impact  velocities  of  1.5,  3 
and  S  km/s.  For  this  range  of  impact  velocities,  Dc/D  appears  to  be  approaching  a  value  of  about  1  as  projectile 
approaches  zero. 


Penetration  Velocity 

The  particle  (penetration)  velocities  versus  time  along  the  projectile/target  centerline  are  shown  as  a  function  of 
projectile  L/D  in  Fig.  6  for  the  3.0  km/s  impact  velocity.  TTie  other  two  impact  velocities  studied  showed  similar 
behavior.  The  penetration  velocity-time  profile  changes  dramatically  as  the  L/D  of  the  projectile  goes  from  1/1  and 
1/2  to  1/4  and  smaller.  For  all  cases,  the  initial  penetration  velocity  is  given  by  the  Hugoniot  jump  conditions.  For 
the  L/D  =  1/1  and  1/2  cases,  the  penetration  velocity  initially  increases  as  the  state  of  stress  changes  from  one  of 
uniaxial  strain  to  a  more  complicated  state  of  stress  resulting  from  rarefaction  waves  propagating  from  the  sides  of 
the  projectile.  Then  the  penetration  velocity  decreases  with  time  as  the  projectile  encounters  resistance  from  the 
target. 


Tlm«  (m*) 

Fig.  6.  C  jmputed  centerline  penetration  velocity  for  L/D  =  1,  '/2,  V4,  '/8  and  '/16  projectiles  at  3  km/s  impact 
velocity. 
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For  the  L/D  =  1/4  projectile,  rarefaction  waves  from  the  sides  of  the  projectile  arrive  at  nominally  the  same  time  as 
the  rarefaction  wave  resulting  from  the  interaction  of  the  impact  shock  and  the  rear  of  the  projectile.  For  smaller 
L/D  projectiles,  several  axial  unloading  waves  (between  the  rear  of  the  projectile  and  the  projectile/target  interface) 
occur  before  the  side  rarefaction  wave  arrives  at  the  centerline. 

The  interface  velocity  can  be  approximated  (Walker,  et  al.,  1993)  for  small  L/Cp,  by: 

Up  =  Zvexp|-^(l-Z)t|  (4) 

Equation  (4)  can  be  used  to  infer  a  velocity  profile  along  the  target  centerline  by  noting  that  the  particle  velocity 
waves  travel  from  the  interface  at  the  sound  speed  of  the  target: 


u(C)  =  Zvexp' 


_^(l_Z)(c,t-C) 

.  CiL 


(5) 


where  ^  =  0  is  the  original  projectile/target  interface.  The  rarefaction  from  the  comer  of  the  projectile  reaches  a 
point  on  the  centerline  at  roughly 


VC^-KD/2)^ 

Ct 


(6) 


and  the  release  essentially  “freezes”  the  current  axial  velocity  of  the  materials.  An  expression  for  this  velocity  is 
given  by: 


^release(^)  ^  exp]— ^(1  -  Z) 

CiL 


(C^+(D/2)2f^-C 


(7) 


This  velocity  is  an  increasing  function  of  the  initial  coordinate  ^  and  therefore  slowest  at  the  projectile/target 
interface  of  Q  =  0.  The  projectile  “coasts”  into  the  target  at  a  comparatively  low  velocity  given  by: 


Up  =  Zv  exp- 


Dcp 


(8) 


Target  motion  is  stopped  by  strength  and  inertial  effects  and  rebounds  elastically;  when  this  occurs,  projectiled 
penetration  is  very  quickly  terminated. 


EXPERIMENTAL  RESULTS 

Bjerke,  et  al.  (1992)  performed  a  series  of  experiments  in  which  tungsten  alloy  (X-27,  Pp  =  17.27  g/cm^)  projectiles 
impacted  steel  (RHA)  targets  at  nominally  2  km/s.  The  L/D  for  the  projectiles  used  in  these  experiments  ranged 
from  1/2  down  to  1/32.  These  experiments  were  performed  in  the  direct  ballistic  mode.  With  one  exception, 
projectile  diameter  was  25.4  mm.  The  projectiles  were  launched  in  a  one-piece  nylon  6/6  sabot  by  a  50-mm 
diameter,  6-meter  long  smooth  bore  powder  gun.  The  sabot  was  “stripped”  by  passage  through  a  thin  break  screen 
which  was  also  used  to  trigger  two  down-range  orthogonal  X-rays  to  obtain  penetrator  velocity  and  attitude  prior  to 
impact.  Impacts  were  nominally  zero  degrees  obliquity  and  zero  degrees  yaw,  although  non-zero  yaw  was 
experienced,  particularly  for  the  L/D  =  1/16  and  1/32  projectiles.  Targets  were  recovered  post-test  for  measuring 
penetration  depth  and  crater  geometry.  Further  details  of  the  experiments  are  given  in  Bjerke,  et  al.  (1992). 

For  the  present  study,  we  performed  a  series  of  experiments  to  compliment  and  extend  to  higher  impact  velocities 
the  experiments  by  Bjerke,  etal.  (1992).  Our  experiments  were  also  performed  in  the  direct  ballistic  mode  using  a 
38-mm  launch  tube/1 15-mm  pump  tube  two-stage  light-gas  gun.  Experiments  for  L/D  =  1/2,  1/4,  1/8, 1/16  and  1/32 
projectiles  were  planned  at  nominal  impact  velocities  of  2,  3,  and  4  km/s.  Unfortunately,  not  all  these  experiments 
are  completed.  In  particular  we  have  not  yet  been  successful  in  launching  these  projectiles  and  stripping  the  sabot 
at  4  km/s.  For  these  experiments  the  projectiles  were  made  of  91%  by  weight  tungsten  alloy  (X-27)  and  were  25.4 
mm  in  diameter.  The  targets  were  RHA.  Flash  X-rays  were  used  to  determine  the  velocity,  integrity  and  attitude  of 
the  projectile  prior  to  impact.  The  targets  were  recovered,  and  post-test  analyses  of  the  targets  were  pterformed  to 
determine  penetration  depth  and  crater  geometry. 

Figure  7  shows  the  experimental  values  for  P/aL  versus  projectile  L/D  reported  by  Bjerke,  et  al.  (1992)  for  v  =  2 
km/s  along  with  our  recent  experimental  results  and  the  calculational  results  reported  here  for  v  =  1.5  km/s.  In 
Figure  7  and  other  figures  below,  data  from  Bjerke,  et  al.  (1992)  are  denoted  BRL  and  data  and  calculational  results 
from  this  research  are  denoted  (IRT.  Both  sets  of  experiments  and  the  calculational  results  generally  agree  well 
with  the  shape  of  the  P/aL  versus  L/D  curve.  All  show  P/aL  increasing  with  decreasing  L/D  until  a  maximum  is 
reached  for  L/D  ~  1/8.  For  L/D  <  1/8  the  results  show  P/aL  rapidly  decreasing  with  decreasing  L/D.  The  agreement 
between  the  CRT  calculations  and  experiments  is  also  considered  quite  go^.  The  Bjerke,  et  al.  (1992)  data  are 
consistantly  higher  than  those  from  our  experiments.  The  reason  for  this  difference  is  not  known  at  this  time  but 
there  is  some  reason  to  believe  that  the  hardness  of  the  targets  used  in  the  two  sets  of  experiments  differed. 
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Fig.  7.  Comparison  of  experimental  results  for  P/aL  versus  L/D  at  2  km/s  by  Bjerke,  et  al.  (1992)  (BRL)  and 
Orphal,  et  al.  (1993)  (CRT)  with  computational  results  for  1.5  km/s. 


Figure  8  compares  the  P/aL  versus  L/D  data  from  our  recent  experiments  at  2  and  3  km/s.  The  shapes  of  the  P/aL 
versus  L/D  curves  are  similar  but  the  maximum  in  the  curves  appears  to  be  impact  velocity  dependent.  This  is 
consistent  with  the  computational  results.  For  2  km/s  impact,  P/aL  appears  to  reach  a  maximum  at  L/D  ~  1/8. 
Increasing  the  impact  velocity  to  3  km/s  appears  to  shift  the  curve  so  that  the  maximum  P/aL  now  occurs  for 
L/D~  1/16. 


L/D 


Fig.  8.  Experimental  results  for  P/aL  versus  L/D  for  impact  velocities  of  2  and  3  km/s. 


Figure  9  compares  the  experimental  data  for  crater  diameter,  DJD,  versus  L/D  for  the  2  km/s  experiments  by 
Bjerke,  et  al.  (1992)  and  the  calculations  reported  here.  The  agreement  between  the  experimental  data  and 
computational  results  is  considered  good.  The  experimental  data  at  2  km/s  also  suggest  that  (Dc/D)  is  approaching  a 
value  of  1  as  projectile  L/D  decreases. 
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Fig.  9.  Dc/D  versus  L/D  for  both  calculations  and  experiments. 
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DISCUSSION 

The  penetration  mechanics  of  these  low  L/D  projectiles  is  governed  by  a  unique  mixture  of  one  and 
two-dimensional  processes.  The  “steady-state”  (plateau)  penetration  velocity  is  the  result  of  the  side  rarefaction 
wave  (a  2-D  effect)  freezing  the  one-dimensional  unloading  from  the  rear  surface  of  the  projectile.  Penetration 
itself  is  a  2-D  manifestation  since  target  material  must  flow  radially  from  below  the  penetrator.  The  ability  to  flow 
target  material  radially  is  velocity  dependent;  however,  as  L/D  0,  the  impact  problem  approaches  a  true 
one-dimensional  idealization.  If  Eq.  4  is  integrated  from  t  =  0  to  infinity,  the  one-dimensional  penetration  depth  can 
be  estimated; 


■P'1  Zv 

xJ,.D  (l-Z)cp 


(9) 


This  expression  agrees  quite  well  with  the  one-dimensional  depths  of  penetration  calculated  using  fJTH  (0.58, 0.95, 
and  1.28  for  the  impact  velocities  of  1.5,  3.0,  and  5.0  km/s,  respectively).  These  1-D  P/L  values,  however,  are 
significantly  less  than  either  the  calculated  or  experimentally  measured  values  as  shown  in  Figs.  1  or  2,  and  indicate 
that  as  L/D  becomes  smaller  and  smaller,  P/L  performance  should  reach  a  maximum  and  then  decrease  as  the 
impact  physics  becomes  a  one-dimensional  problem.  Both  the  calculations  and  the  experiments  indicate  the  P/L 
reaches  a  maximum  value  and  then  decreases  as  L/D  -»  0.  The  discussion  here  provides  a  semi-quantitative 
description  of  the  physics  of  penetration  of  low  L/D  projectiles;  the  reader  is  referred  to  Walker,  et  al.  ( 1993),  for  a 
more  detailed  analysis  of  P/L  as  a  function  of  L/D  and  impact  velocity. 


It  is  usually  assumed  for  high  velocity  impact  that  the  crater  volume  is  proportional  to  the  kinetic  energy  of  the 
projectile.  Our  calculations  suggest  that  this  is  at  least  approximately  true  for  L/D  <  1  projectiles.  Assume,  then,  that 
the  volume  of  the  impact  crater  is  proportional  to  the  projectile  kinetic  energy.  Let  the  crater  volume  be  <))DcP 
where  ([)  is  a  proportionality  constant  which  includes  a  geometric  factor  describing  the  shape  of  the  crater.  The  mass 
of  the  projectile  is  of  course  given  by  nppDpL  /  4.  Equating  the  crater  volume  and  projectile  kinetic  energy  gives: 


L  (5^0' 


(10) 


where  P  is  Dc/D  an  0'  incorporates  the  other  constants. 


Figure  10  shows  P/L  versus  the  parameter  (ppV^/p^).  The  parameter  (Ppv2/p2)  accounts  for  much  (but  certainly  not 
all)  of  the  computed  variation  in  P/aL  as  projectile  L/D  is  varied  from  1  to  1/32  and  impact  velocity  is  varied  from 
1.5  to  5  km/s  and,  consequently  (ppv2/p2)  varies  over  an  order  of  magnitude.  Of  course  the  parameter  is  quite 
sensitive  to  errors  in  determining  Dc.  D^  was  measured  as  the  crater  diameter  at  the  original  target  surface,  but  this 
is  sensitive  to  the  tensile  strength  of  the  target.  Bjerke,  et  al.  (1992)  report  impact  crater  diameters  for  their 
experiments  so  the  parameter  (ppv2/p2)  may  be  calculated  for  each  of  these  tests.  This  data  is  also  shown  in  Fig.  10. 
The  parameter  (ppv2/p2)  reasonably  collapses  the  experimental  data  as  well  as  the  computational  results.  The 
agreement  evident  between  the  computational  results  and  experiments  seems  quite  good  when  it’s  recalled  that  in 
the  experiments  the  velocity  was  essentially  constant  at  2  km/s.  Thus,  for  the  experimental  data,  the  variation  of  the 
parameter  (ppV^/p^j  j,  e.s.sentially  only  the  variation  of  p  =  DJD  with  projectile  L/D. 
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Fig.  10.  Comparison  of  P/L  versus  ppv^/p^  for  calculations  and  experiments. 


Substituting  (Dc/D)2  for  p2.  equation  (10)  becomes 

P/L  =  Ppv2/(Dc/D)2  (11) 

Since  DJD  can  at  least  be  approximated  by  the  power  law  in  Eq.  (3) 

P/L  =  Kppv2(H)  (12) 

where  all  the  various  constants  are  lumped  into  the  constant  K. 

From  Fig.  3  and  as  discussed  in  relation  to  Eq.  (3),  q  appears  to  be  a  function  of  projectile  L/D.  Furthermore,  q 
appears  to  be  approaching  zero  as  projectile  L/D  approaches  zero.  That  is,  (Dc/D)  is  becoming  independent  of 
impact  velocity  as  projectile  L/D  — >  0.  Indeed  from  the  results  shown  in  Fig.  5,  at  least  for  the  1.5-5  kni/s  velocity 
range  studied,  (Dc/D)  appears  to  be  approaching  a  constant  value  of  1  as  projectile  L/D  — >  0. 

From  Eq.  (12),  if  q  0  as  projectile  L/D  0,  then  the  scaling  of  P/L  with  impact  velocity  approaches  v^,  i.e., 

P/L  — »  K  Pp  v2  as  projectile  L/D  — >  0  (13) 

This  is  consistent  with  the  computational  and  experimental  results. 

There  is  much  interest  recently  in  the  concept  of  segmented  rods,  e.g.,  Orphal  and  Franzen  (1990);  Charters,  et  al. 
(1990);  Kivity,  et  al.  (1989);  Naz  and  Lehr  (1990);  Scheffler  and  Zukas  (1990).  If  indeed  penetration  scales  with 
velocity  as  v>2/3  fop  l/D  <  1/2,  and  v^'  for  L/D  S  1/8,  the  implication  for  penetration  by  segmented  rods  is  obvious. 
The  need  for  more  research  on  L/D  <  1  projectile  penetration  mechanics,  as  well  as  the  potential  benefits,  seems 
compelling. 
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ABSTRACT 

We  investigated  the  cause  of  tumbling  by  hypervelocity  rods  after  impact  with  oblique  plate  targets. 
The  projectiles  were  strong  rods,  length  to  diameter  ratio  of  6  to  10,  prepared  from  aluminum  (10 
tests)  or  steel  (5  tests),  launched  at  velocities  of  4.2  to  4.8  km/s,  and  impacted  into  like  material 
targets.  The  rods  had  little  or  no  initial  yaw  (the  average  yaw  was  1.8”).  The  residual  projectile 
properties  of  length,  tumbling  rate  and  radial  velocity  were  measured  and  evaluated  in  a  simple  model 
for  rod  tumbling.  The  model  is  based  on  the  observation  that  plastic  shear  continues  at  the  nose  of 
the  rod  for  a  fuiite  time  after  target  perforation.  Based  on  the  observed  tumbling  rate,  duration  of 
plastic  flow  and  the  inertia  of  the  residual  rod  an  implicit  determination  of  the  shear  strength  of  the 
rod  was  obtained.  The  calculated  shear  strength  was  in  fair  agreement  with  static  shear  values. 


THE  MODEL 

The  hypervelocity  impact  of  a  rod  projectile  into  an  oblique  plate  target  will  cause  the  residual 
projectile  to  rotate  towards  the  plate  normal.  The  impulse  inducing  the  rotation  appears  to  be  the 
result  of  asymmetrical  flow  at  the  tip  of  the  rod  as  the  rod  emerges  from  contact  with  the  back 
surface  of  the  plate.  Such  an  impact  is  illustrated  in  Figure  1.  The  calculations  (Figure  1)  show  that 
by  relating  the  angular  momentum  to  the  angular  impulse,  one  can  estimate  the  shear  stress,  a,, 
acting  for  a  time.  At,  over  a  cross-section.  A,  which  produces  the  angular  impulse.  The  shear  stress 
should  be  similar  to  the  static  shear  strength  of  the  rod  material  (only  elastic  stresses  can  be 
transmitted  into  the  remaining,  undamaged  rod).  The  duration  of  the  shear  flow  after  target 
perforation  is  difficult  to  specify.  Based  on  flash  x-ray  measurements,  we  observed  from  limited  tests 
with  strong  rod  projectiles  that  length  loss  to  the  rod  was  completed  after  about  3  projectile  diameters 
of  travel  beyond  the  rear  of  the  plate.  However,  in  a  hydrocode  model  of  a  strong  aluminum  rod 
impacting  a  thick  aluminum  plate  the  rod  length  loss  continued  for  about  6  projectile  diameters  of 
travel.  For  the  calculations  in  this  paper,  we  chose  an  in  between  value,  4.5  diameters  of  projectile 
travel.  The  At  ba.sed  on  a  4.5  km/s  velocity  and  a  0.32  cm  rod  diameter  is  3.2  psec.  As  illustrated 
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Fig.  1.  Schematic  illustrating  a  model  for  determining  the  shear 
and  residual  rod  rotation  from  angular  impulse. 


in  Figure  1,  a  radiograph  of  the  projectile  after  target  perforation  allows  a  measurement  of  residual 
rod  length  and  orientation.  This  data  plus  the  known  time  after  impact  allows  a  calculation  of 
tumbling  rate,  u,  and  moment  of  inertia,  I.  The  angular  momentum  is  then  equated  to  the  angular 
impulse. 


/«  -  FrAt 


(1) 


where 

F  -  A 

The  components  of  the  angular  impulse  are  the  radial  force,  F  (shear  strength  X  the  cross  section 
of  the  rod),  the  distance  to  the  center  of  mass,  r  (one  half  the  length  of  the  rod,  t,)  and  the  duration 
of  the  impulse.  At  (3.2  /rsec).  The  shear  strength  required  to  produce  the  observed  tumbling  rate  is 
therefore 


o,  -  /<o/(i4rAr)  (2) 


TEST  CONDITIONS  AND  RESULTS 

The  test  conditions  are  summarized  in  Table  1.  The  projectiles  were  0.32  cm  diameter  rods,  either 
2024-T86  aluminum  or  4340  steel,  heat  treated  to  Rockwell  "C”  50.  The  static  shear  strength  for  these 
materials  would  be: 


2024-T86  aluminum;^,  =  283  MPa 
4340  steel,  R,  50;a.  =  828  MPa 


Table  1:  Summary  of  Rod  Impact  Conditions  for  Oblique  Target  Data 


Rod  Diameter  =  0.3175  cm 
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The  initial  length  of  the  rods  varied  from  5.8  projectile  diameters  (1.84  cm)  to  9.8  diameters  (3.1  cm). 
The  target  plates  were  nearly  like  materials,  2024-T3  aluminum  and  4340  steel  at  R,.  30-35.  Plate 
thickness  varied  from  0.22  projectile  diameters  (0.07  cm)  to  1.95  diameters  (0.62  cm)  and  the  impact 
angle  varied  from  10  to  60°.  This  variation  in  target  thickness  and  orientation  produced  a  wde 
variation  in  rod  length  loss  which,  in  turn,  had  a  large  effect  on  moment  of  inertia  and  tumbling  rate. 

I  -  m,  (D2/4  +  ^/3)/4 
2o.  At 

<0  -  FrAt/I - - -  (3) 

P(DV4  +  ^/3) 

For  equal  value  of  angular  momentum  an  ^,/D  =  2  projectile  would  have  3.5  times  the  tumbling  rate 
of  an  J,/D  =  4  projectile.  The  amount  of  measured  projectile  rotation  varied  from  a  low  of  1°  to 
a  maximum  of  183°,  for  an  average  of  63°. 

The  test  results  are  summarized  in  Table  2.  The  last  column  presents  the  calculated  values  of  shear 
stress  corresponding  to  the  observed  values  of  angular  momentum.  The  average  shear  strength  for 
the  aluminum  rods  was  283  MPa  and  for  the  steel  rods  was  973  MPa.  However,  the  variation  abc  jt 
these  averages  was  considerable. 


Table  2:  Summary  of  Rod  Rotation  Rate,  Angular  Momentum,  and  Shear  Stress 
Calculations 


Shot 

Number 

CJ 

deg  X  10^ 

m, 

g 

1 

g  cm^ 

Icj 

g  cm^/sec 

MPa 

AI  — A1 

1-2-159 

257 

0.473 

0.1% 

880 

314 

1-2-160 

183 

0.466 

0.188 

602 

215 

2-1-233 

115 

0.337 

0.072 

143 

72 

1-1-234 

2,591 

0.125 

0.004 

181 

253 

1-1-268 

3,149 

0.119 

0.004 

220 

313 

1-1-269 

845 

0.357 

0.085 

1267 

616 

1-1-273 

639 

0.280 

0.042 

509 

305 

1-1-289 

576 

0..331 

0.068 

684 

329 

1-1-293 

17 

0.503 

0.234 

69 

23 

1-1-295 

915 

0.276 

0.040 

639 

387 

St  —  St 

1-1-343 

1,433 

0.325 

0.010 

250 

384 

*1-1-344 

3,452 

0.553 

0.040 

2410 

2172 

*1-1-369 

3,749 

0.377 

0.014 

916 

1169 

1-1-371 

175 

1.061 

0.268 

819 

404 

1-1  372 

545 

0.819 

0.125 

1188 

737 

Residual  rod  is  bent,  mass  and  I  are  uncertain 
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A  SECOND  MODEL 

An  even  simpler  model  for  evaluating  projectile  motion  can  be  obtained  by  relating  linear  radial 
momentum  to  radial  impulse: 


-  FAt  -  o,  AAt 


(4) 


The  right  side  of  the  equation  is  the  same  as  before;  the  radial  momentum  is  the  prcxiuct  of  the 
residual  projectile  mass  (calculated  from  the  observed  residual  rod  length,  t,)  times  the  measured 
radial  velocity.  The  model  is  illustrated  in  Figure  2.  The  shear  stress  is  simple: 

o,  -  m^AVUAAt)  (5) 


rtij-AV  =  FAt 


Fig.  2.  Schematic  diagram  illustrating  the  slight  deviation 
from  trajectory  caused  by  the  linear  impulse. 


The  results  for  11  tests  are  summarized  in  Table  3.  The  average  shear  stress  for  the  six  aluminum 
tests  was  293  MPa;  the  average  for  the  five  steel  tc.sts  was  1855  MPa.  The  scatter  in  the  calculated 
values  is  quite  large  which  is  partially  attributable  to  the  accuracy  of  the  radial  displacement 
measurements,  approximately  ±  1mm. 


DISCUSSION 

The  projectile  rotation  model  docs  not  account  for  the  effects  of  target  orientation  or  target  thickness 
except  as  a  consequence  of  change  in  residual  length.  The  observed  effects  of  orientation  and 
thickness  on  rotation  rate  for  aluminum  rod  impacts  arc  shown  in  Figures  3  and  4.  Both  decreasing 
impact  angle  and  increasing  target  thickness  decrease  the  residual  rod  length  and  increase  the  rotation 
rate.  The  effect  of  target  thickness  on  angular  momentum  is  dem  mstrated  in  Figure  5.  The  results 
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Table  3:  Summary  of  Data  for  Determining  Shear  Stress  from  the  Linear  Impulse 


Shot 

Number 

t 

/IS 

km/sec 

aV 

m, 

g 

1-1-268 

49.9 

+0.03 

+  1.7 

1-1-269 

0 

59.7 

0 

1-1-273 

-3.9 

59.9 

-0.07 

0.28 

1-1-289 

-1.7 

59.0 

-0.03 

1-1-293 

59.2 

+0.1 

1-1-295 

-2.6 

57.9 

0.28 

1-1-343 

-6.0 

69.8 

0.33 

1-1-344 

-5.9 

41.4 

-0.14 

1-1-369 

144.7 

-0.23 

1-1-371 

-1.6 

165.5 

1-1-372 

-6.1 

165.5 

Fig.  3.  Effect  of  target  thickness  on  angular  velocity. 
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Fig.  4.  Effect  of  target  plate  obliquity  on  angular  velocity. 


Fig.  5.  Angular  impulse  due  to  rod  impact 
with  oblique  plate  targets. 
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for  30°  impacts  show  that  angular  momentum  decreases  with  increasing  target  thickness  but  this 
result  is  primarily  the  consequence  of  decreasing  moment  arm  length  due  to  greater  rod  length  loss. 
From  Baker  we  have  rod  length  loss  for  likc~likc  impact: 

M  ,  1  ^  ^  — fl-ex  f  MD*TJD*^VD 


where  aT,  t  and  F  are  empirical  constants  and  V  is  the  impact  velocity.  aT/D  is  a  small  number, 
approximately  equal  to  0.15.  For  oblique  impact  the  target  thickness,  T,  is  replaced  by  an  effective 
thickness: 


-  T/sina  *  Z>/2tana 


(7) 


The  T/sina  term  represents  the  path  length  through  the  target;  the  D/2  tana  term  represents  a 
length  of  continued  contact  between  the  target  and  the  rod  due  to  the  projectile  diameter. 


The  residual  rod  length  is  therefore: 


«  -« -A«-«  - 


r,  + Ar+  vx\ 


[-exp|- 


MD  +  TJD  +  at/d) 


/Ft/D 


(8) 


The  rod  length  loss  during  target  penetration  is  simply  aJ  =  T,;  the  length  loss  after  target 
perforation  is  given  by: 


Ar- at+kt 


At/D-^Jg/D-^  AT/D)) 
/Ft/D  Jj 


(9) 


The  time  duration  of  continued  plastic  deformation  is  therefore  dependent  upon  both  impact  velocity 
and  target  thickness  rather  than  a  constant  as  defined  previously.  The  duration  of  the  shear  flow 
should  also  be  dependent  upon  the  impact  angle.  Impacts  near  90°  incidence  should  not  produce 
significant  rod  tumbling,  independent  of  the  duration  of  plastic  flow  after  target  perforation.  The 
duration  of  shear  flow  would  therefore  be  expressible  as: 

Ar -/(AD  X  g(a)  (10) 

Consider 

/(AD  -  kHr/V  -  IMAt'/V  (11) 

g(o)  -  (tana)'*  (12) 

At  -  1.46Al7(Ktano)  (13) 


The  value  k  =  1.46  Eqn  (11)  is  arbitrary,  allowing  the  same  mean  value  for  a,  as  obtained  for  the 
aluminum  rod  tests.  At  =  3.2  /isec.  The  values  of  At  from  Eqn  (13)  were  used  to  calculate  new  values 
of  a,  in  Eqn  (2).  The  results  are  summarized  in  Table  4. 


I  ahic  4:  Summary  of  Calculated  Stress  Values 


o./MIiAN  l)f>S  11:11 
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A  different  form  for  Eqn  (12)  was  considered; 

g(a)  -  (tana)-®^ 

At  -  2.13Ar/(K(tana)®*)  04) 


The  value  2.13  in  Eqn  (14)  again  forces  the  mean  result  for  a„  aluminum  rod  impact,  to  be  283  MPa. 
Values  of  At  and  a,  calculated  from  Eqns  (14)  and  (2)  are  also  presented  in  Table  2. 


CONCLUSIONS 

The  quality  of  the  model  for  representing  the  data  is  demonstrated  by  the  ratio  of  the  standard 
deviation  of  the  data  set  (n  data  points)  to  the  average  value  for  the  data  set.  On  this  basis,  none  of 
the  three  models  obtained  from  rod  rotation  data,  Eqns.  2,  13,  and  14,  provide  a  good  fit  to  the 
aluminum  rod  data  set.  The  second  model,  based  on  Eqns  (2)  and  (13)  provides  a  substantial 
improvement  over  the  constant  At  model  for  the  steel  rod  data  set. 


Another  indication  of  the  variation  in  results  is  a  comparison  of  tests  for  which  the  initial  conditions 
are  nearly  identical  and  the  values  of  At  are  therefore  the  same. 


Test 

Condition 

Test  # 

(Constant  At) 

DIFFERENCE  _ 

AVERAGE 

1-2-159 

314 

Af— »A{ 

1-2-160 

214 

19% 

1-1-273 

305 

AJ— AJ 

1-1-289 

329 

4% 

1-1-344 

2172 

St-^St 

1-1-369 

1169 

30% 

Even  for  matched  sets  of  tests  the  variation  in  results  can  be  grossly  different.  The  overall  results 
suggest  that  other  factors  contributed  to  angular  rotation.  For  example,  recent  NRL  studies  of  impact 
by  "chunky"  projectiles  into  oblique  plate  targets  have  shown  that  hole  growth  is  minimal  in  the 
direction  corresoponding  to  the  "uprange"  end  of  the  plate  (the  down  direction  in  Figs.  1  and  2). 
Even  small  values  of  initial  upward  pitch  (Figs.  1  and  2)  could  result  in  contact  between  the  back  of 
the  rod  and  the  plate,  thereby  inducing  a  CCW  rotation. 


Tumbling  of  hypervelocily  rods  induced  by  impact 
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CHARACTERISTICS  OF  DEBRIS  CLOUDS  PRODUCED  BY 
HYPERVELOCITY  IMPACT  OF  ALUMINUM  SPHERES 
WITH  THIN  ALUMINUM  PLATES 
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ABSTRACT 

Debris  clouds  produced  by  the  nomial  impact  of  aluminum  spheres  with  aluminum  bumper  plates 
are  shown  to  consist  of  an  ejecta  veil,  an  external  bubble  of  debris,  and  a  significant  internal 
structure  composed  of  three  distinct  elements.  Effects  of  variations  in  bumper-plate  thickness, 
sphere  diameter,  and  impact  velocity  on  the  shape  and  velocity  of  the  elements  of  the  internal 
structure  are  described  and  compared.  Three  alloys  of  bumper  material  and  several  diameters  of 
2017-T4  aluminum  spheres,  ranging  from  6.35  mm  to  12.70  mm,  were  used  in  the  tests  described 
in  this  paper.  Test  results  were  sorted  into  two  sets.  In  the  first  set.  impact  velocity  was  held 
constant  at  6.7  km/s  and  the  bumper-thickness-to-projectile-diameter  ratio,  t/D,  varied  from  0.026 
to  0.424,  In  the  second  set,  t/D  ratio  was  held  constant  at  0.049  and  the  impact  velocity  varied 
from  .3.77  km/s  to  7.23  km/s.  In  both  sets  of  test  results,  debris-cloud  properties  are  shown  to  scale 
w  ith  projectile  diameter.  Characteristics  of  the  front  element  of  the  debris-cloud  internal  structure 
are  shown  to  be  sensitive  to  changes  in  t/D  ratio  and  impact  velocity.  A  model  for  the  formation  of 
this  front  element  is  presented  and  used  to  develop  a  description  of  a  debris  cloud  consisting  of 
material  in  the  solid-liquid  and/or  liquid-vapor  phases. 


INTRODUCTION 

From  earliest  interest  in  the  development  of  spacecraft  shield  systems,  investigators  have  used  a 
variety  of  materials  to  simulate  micrometeoroids.  A  significant  fraction  of  the  work  has  employed 
aluminum  spheres  impacting  aluminum  .sheets  or  plates  (Maiden,  1963;  Maiden  et  al..  1965; 
Backman  and  Stronge,  1967;  Swift  and  Hopkins,  1968;  and  Ny.smith  and  Denardo,  1969;  and 
others).  Aluminum  .spheres  continue  to  be  used  in  shield  studies  as  simulants  of  orbital-debris 
fragments.  Determination  of  the  ballistic  limit  of  a  shield,  optimization  of  a  shield  against  a 
specific  threat,  and/or  development  of  design  criteria  are  the  usual  purposes  for  most  test  programs. 
Occasionally,  radiographs  or  high-speed  photographs  of  "typical "  debris  clouds  are  presented  with 
test  results.  How'ever,  quantitative  descriptions  of  the  debris  clouds  are  rarely  given  and  w'hen 
descriptions  are  provided,  they  are  not  systematic  (i.e.,  do  not  describe  changes  in  the  debris-cloud 
morphology  as  a  result  of  changes  in  impact  velocity,  bumper  thickness,  etc.) 

This  paper  examines  the  formation  of  debris  clouds  produced  by  the  impact  of  aluminum  spheres 
with  thin  aluminum  plates  and  pre.sents  results  of  te.sts  used  to  quantitatively  evaluate  debris-cloud 
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morphology  as  a  function  of  bumper-lhickness-to-projectile-diameter  ratio,  t/D,  and  impact 
velocity.  The  evaluation  was  limited  to:  ( 1 )  t/D  ratios  from  0.026  to  0.424  for  an  impact  velocity  of 
6.7  km/s  and  (2)  impact  velocities  from  3.77  km/s  to  7.23  km/s  for  a  t/D  ratio  of  0.049.  All  impacts 
were  nomial  to  the  bumper  or  front  sheet.  A  model  for  the  interaction  and  effect  of  shock-wave 
processes  initiated  by  the  impact  event  is  presented.  Finally,  a  description  of  debris  clouds 
containing  liquid  and  vapor  is  pre.sented  for  the  case  in  which  the  t/D  ratio  is  near  optimum. 


EXPERIMENTAL  DESIGN 

Data  pre.sented  in  this  paper  were  obtained  from  tests  performed  for  Martin  Marietta  Manned  Space 
Systems,  McDonnell  Douglas  Space  Systems  Company,  and  from  equipment  and/or  range 
perfonnance  tests  conducted  by  the  University  of  Dayton  Research  Institute  (UDRl).  All  tests  were 
pertoimed  in  the  UDRl  Impact  Physics  l^aboratory  using  a  50/20  mm.  two-stage,  light-gas  gun. 

The  tests  were  pertonned  with  the  bumper  plate  normal  to  the  range  center  line.  Various 
thicknesses  of  1 100-0,  2024-T3,  and  6061-16  aluminum  plates,  ranging  from  0.25  mm  to  4  mm, 
were  used  as  bumpers.  Most  tests  used  9.53-mm-diameter  20J7-T4  aluminum  spheres  as  their 
projectiles.  Several  tests  used  6.35-mm  or  12.70-mm-diameter  2017-T4  aluminum  spheres.  The 
specitic  plate  alloy,  thickness,  and  sphere  diameter  u.sed  for  each  test  are  included  in  figures 
presented  later  in  this  paper.  Impact  velocity  for  the  tests  ranged  from  3.77  km/s  to  7.23  km/s  and 
was  detennined  using  time-of-tlight  measurements  between  four  laser-photodetector  stations 
located  along  the  range  center  line.  Accuracy  of  the  impact  velocity  detennination  was  better  than 
+  0.5  percent.  Finally,  an  aluminum  w  itness  plate  was  placed  38  cm  downrange  of  the  bumper,  for 
each  test,  to  record  the  damage  pattern  produced  by  the  debris  cloud. 

Three  or  four  pairs  of  fine-source,  soft,  Hash  x-rays  were  used  to  observe  the  projectile  and  debris 
clouds.  The  x-ray  heads  were  accurately  positioned  on  the  target  chamber  to  provide  simultaneous 
orthogonal  view's  of  the  debris  clouds.  Although  individual  test  setups  varied  slightly,  a  typical  test 
setup  for  one  view  is  shown  in  Fig.  1.  The  first  pair  of  x-rays  was  used  to  view  and  record  the 
position  of  the  projectile  a  few  micro.seconds  before  impact.  This  view  served  to  verify  projectile 
integrity  and  to  pennit  accurate  determination  of  the  time  after  impact  for  the  two  or  three  views 
taken  of  the  debris  cloud  after  its  fonnation.  Nonnally,  views  were  taken  when  the  cloud  was  about 
4  cm  and  12  cm  downrange  (approximately  6  ps  and  19  ps.  respectively,  after  impact).  The  fourth 
pair  of  x-rays,  if  used,  were  usually  not  fired  until  the  debris  cloud  was  about  30  cm  downrange  of 
the  bumper.  The  delay  in  firing  the  x-rays  allow  ed  the  cloud  to  expand  and  permitted  a  more  detailed 
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I'll!.  1 .  Setup  used  to  obtain  multiple-exposure,  orihoponal-pair.  flash  radiographs  of  debris  clouds. 
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examination  of  the  cloud  structure.  The  fourth  pair  of  heads  was  usually  positioned  as  shown  in 
Fig.  1  to  obtain  an  oblique  (-  13  degrees  from  nornia!)  view  of  the  cloud;  in  some  tests  these  heads 
were  positioned  3 1 .5  cm  downrange  of  the  bumper  to  provide  a  normal  view  of  the  cloud. 

Post  test  documentation  consisted  of  measurement  of  bumper-hole  diameters  and  witness-plate 
damage  patterns.  Debris-cloud  measurements  taken  from  the  radiographs  and  the  late-time  views 
were  analyzed,  when  possible,  to  detemiine  the  largest  fragment  dimensions  and  the  size  and 
number  of  fragments  forming  the  debris  cloud.  Results  of  these  additional  measurements  may  be 
found  in  Piekutowski  (1992a  and  1992b). 


DESCRIPTION  OF  DEBRIS  CLOUDS 

Two  views  of  a  debris  cloud  are  presented  in  Fig.  2  to  illustrate  three  major  features  of  the  cloud. 
First,  an  ejecta  veil,  consisting  almost  entirely  of  bumper  fragments,  is  ejected  from  the  impact  or 
front  side  of  the  bumper.  Second,  an  expanding  bubble  of  bumper  debris  forms  on  the  rear  side  of 
the  bumper.  Finally,  there  is  a  significant  structure  composed  of  projectile  debris  located  inside  and 
at  the  front  of  the  external  bubble  of  bumper  debris.  This  internal  structure  is  composed  of  a  front, 
center,  and  rear  element.  For  a  6.70  km/s  impact,  the  front  element  consists  of  finely  divided. 


Fig.  2.  Moiphological  features  and  elements  of  a  debris  cloud.  Note  that  the  ejecta  veil  and  projectile 
are  a  double  exposure  in  this  figure  and  in  all  radiographs  presented  in  this  paper. 


molten  droplets  of  bumper  and  projectile.  The  disc-like  center  element  is  composed  of  numerous 
splintery  projectile  fragments.  This  element  also  contains  a  single  large  chunky  projectile  fragment 
that  is  located  at  the  center  of  the  disc  and  on  the  debris-cloud  center  line.  A  central  fragment  was 
observed  in  all  debris  clouds  where  the  t/D  ratio  was  less  than  0.2,  and  was  most  clearly  observed 
in  the  late-time  view  of  the  debris  cloud.  This  central  fragment  represented  the  most  severe  threat 
to  rear  wall  integrity  (Piekutowski.  1992a).  The  rear  element  of  the  structure  is  a  hemispherical 
shell  of  fragments  spalled  from  the  rear  surface  of  the  sphere.  The  internal  structure  of  the  debris 
cloud,  shown  in  Fig.  2  and  subsequent  figures,  is  the  most  significant  feature  of  the  debris  cloud  in 
terms  of  potential  for  rear  wall  damage.  In  the  remainder  of  this  paper,  the  term  "debris  cloud"  will 
be  considered  synonymous  with  "internal  structure." 

The  effect  of  a  change  in  the  t/D  ratio  on  the  debris-cloud  morphology  is  shown  in  Fig.  3  for  eight  t/D 
ratios.  All  debris  clouds  shown  in  this  figure  were  produced  by  the  impact  of  a  9.53-mm-diameter 
2()17-T4  aluminum  sphere  with  a  6061 -T6  aluminum  bumper  at  an  impact  velocity  of 
6.70km/s +0.08  km/s.  Use  of  other  bumper  materials,  1100-0  and  2024-T3  aluminum,  did  not 
mea.surably  affect  debris-cloud  shape  or  characteristics.  As  shown  in  Fig.  3,  t/D  ratios  for  the  tests 
ranged  from  0.026  to  0.424.  As  the  t/D  ratio  increa.sed  from  the  minimum  value,  significant 
expansion  of  the  internal  structure  of  the  debris  cloud  was  observed.  The  following  changes  in 
internal-structure  morphology  occurred  as  t/D  ratio  increased:  (1)  the  diameter  of  the  disc-like 
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center  element  increased,  began  to  "bend  over"  at  a  t/D  of  0.084,  and  formed  a  flat-bottomed  bowl 
at  t/D  =  0.163;  (2)  radial  expansion  of  the  hemispherical  shell  of  spall  fragments  at  the  rear  of  the 
internal  structure  increased;  and  (3)  the  size  of  fragments  in  the  center  and  rear  element  decreased. 
In  contrast  to  the  growth  of  the  center  and  rear  element,  the  front  element  of  the  cloud  did  not  vary 
significantly  in  size,  shape  (a  truncated  cone),  or  radiographic  density  until  the  t/D  ratio  was  greater 
than  0.102.  At  t/D  ratios  of  0.163  and  0.234  this  element  was  a  spherical  sector  and  did  not  exist 
when  the  t/D  ratio  was  0.424.  The  relatively  constant  radiographic  density  of  the  front  element  for 
the  lower  t/D  ratios  was  noteworthy  when  compared  to  the  vary'ing  density  of  the  external  bubble 
of  debris  and  the  ejecta  veil  for  these  same  tests. 

The  effects  of  a  change  in  impact  velocity  on  debris-cloud  morphology  are  show  n  in  F-ig.  4  for  tests 
w  ith  a  constant  t/D  ratio.  For  the  four  lower  velocity  tests,  9.53-mm-diameter  2017-T4  aluminum 
spheres  and  0.465-mm-thick  (t/D  =  0.049)  6061-T6  aluminum  bumpers  were  used.  A  6.35-mm- 
diameter  2017-T4  aluminum  sphere  and  a  0.318-mm-thick  (t/D=  0.050)  6061-T6  aluminum 
bumper  were  used  for  the  7.23  km/s  test.  Although  not  visible  in  the  photographic  reproduction  of 
the  radiograph  for  the  test  at  3.77  km/s,  the  post  impact  views  for  this  test  show  a  narrow  region  of 
reduced  density  just  inside  the  rear  surface  of  the  .sphere.  Apparently,  a  .spalled  region  developed 
inside  the  projectile,  forming  a  shell  that  was  loosely  attached  to  the  rear  of  the  sphere.  A  slight 
flattening  of  the  front  of  the  sphere  and  a  .small  piece  of  bumper  that  moved  dow  nrange  of  the  front 
of  the  flattened  sphere  was  also  observed  for  this  test.  As  impact  velocity  increased,  fragmentation 
of  the  projectile  and  an  increase  in  the  axial  and  diametral  expansior  of  the  internal  stmcture  was 
observed.  A  small  front  element  was  clearly  evident  when  the  impact  velocity  reached  5.45  km/s. 
Further  development  of  the  front  element  occuned  as  impact  velocits  was  increased  to  6.62  km/-s 
and  7.23  km/s. 

(irowth  of  the  internal  structure  of  a  debris  cloud  was  sensitive  to  both  t/D  ratio  and  impact 
velocity,  and  increased  as  both  parameters  increased-at  least  to  the  optimum  t/D  ratio  (estimated  to 
be  between  0.18  and  0.20),  Development  and  growth  of  the  front  element  was  most  sensitive  to 
impact  velocity.  Further  quantitative  comparisons  of  these  debris-clouds  follow  . 


RfiSULTS  AND  DISCUSSION 

Readily  identifiable  points  or  locations  in  the  debris  clouds  were  assigned  positions  as  shown  by  the 
circled  numbers  in  f"ig.  5.  Axial  and  radial  positions  and  velocities  of  each  of  these  points,  with 
respect  to  the  cloud  center  line,  and  the  radial  expansion  velocity  of  the  hemispherical  shell  of 
projectile  spall  fragments  was  detemiined.  Use  of  the  fine-source,  soft  x-rays  and  a  direct-exposure 
film  produced  radiographs  in  which  fragments  as  small  as  0.25  mm  could  be  seen  and  measured. 
Accurate  positioning  of  the  heads  and  use  of  a  common  reference  point,  for  all  measurements  taken 
from  the  radiographs,  pennitted  specific  debris-cloud  positions  to  be  detei mined  to  within 
+0.25  mm  or  better.  Rotation  of  individual  fragments  at  critical  measurement  points  produced 
most  of  the  error  encountered  when  determining  the  location  of  these  points.  Tlie  time  between 
firing  of  the  pairs  of  flash  x-rays  was  detemiined  wdthin  +0.1  ps.  Accordingly,  velocities  of 
material  at  measurement  points  could  be  detemiined  to  within  +0.1  km/s  or  better.  For  those  cases 
in  which  test  results  for  two  nearly  identical  test  conditions  were  available,  agreement  between 
measured  values  was  excellent. 

Betvire  examination  of  test  results  begins,  several  comments  regarding  notation  in  the  following 
figures  are  in  order.  .Six  points  in  Fig.  5.  '"SMlirough  ad  inclusive,  are  points  for  which  tw  o  sets  of 
measurements  were  taken;  (1)  axial  distance  from  the  bumper  and  (2)  distance  between  points, 
measured  nonnal  to  the  debris-cloud  center  line.  These  measurements  were  used,  w  ith  appropriate 
timing  information,  to  delemiine  axial  and  diametral  velocities  of  these  points  or  pairs  of  points, 
rcspectis'cly.  Axial  velocities  are  denoteil  when  the  points  are  separated  by  a  comma.  19ianietral 
velocities  are  denoted  when  the  points  are  separated  by  a  dash.  All  velocity  data  have  been 
fiomializcd  bv  dividing  specific  measured  velocities  by  the  impact  velocity  used  for  the  test. 
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Fig  5.  Points  used  when  making  measurements  of  debris-cloud  features. 

Ejfect  of  HD  Ratio  and  Impact  Velocity  on  Debris-Cloud  Velocities 

In  this  section,  the  effects  of  a  change  in  t/D  ratio  and/or  impact  velocity  on  the  velocity  of  the  axial 
measurement  points  of  the  debris  cloud,  the  axial  and  diametral  velocity  of  the  disc-like  center 
element,  and  the  axial  and  diametral  velocity  of  the  front  element  are  presented,  in  that  order. 

In  Fig.  6a,  normalized  axial  debris-cloud  velocities  decrease  as  t/D  ratio  increases.  Overall,  an 
increase  in  the  axial  dispersion  of  the  cloud  is  observed.  The  velocity  of  point  @  is  probably  very 
close  to  or  may  be  the  velocity  of  the  center  of  mass  of  the  debris  cloud.  The  observed  decrease  in 
velocity  of  this  point  is  not  surprising  since  conservation  of  momentum  would  predict  this  behavior 
as  the  t/D  ratio  increases  and  the  mass  of  bumper  involved  in  the  collision  increases.  The  velocity 


(a)  (b) 

Fig.  6.  Normalized  velocity  of  selected  on-axis  measurement  points  in  debris  cloud  versus  t/D  ratio  and 
impact  velocity 
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of  point  @  in  Fig.  6b  i.s  nearly  constant,  as  would  be  expected  since  the  t/D  ratio  is  constant. 
However,  the  sudden  increase  in  velocity  of  point  ®  in  Fig.  6b  i.s  noteworthy  and  will  be  discussed 
in  more  detail  later  in  this  section.  The  velocity  of  point  ®,  in  Fig.  6b.  appears  to  be  approaching 
the  value  shown  for  a  t/D  of  0.049  in  Fig.  6a. 

Nomialized  axial  and  diametral  velocities  of  points  and  ®  are  shown  in  Fig.  7.  A  decrease  in 
axial  velocity  and  an  increase  in  the  diametral  velocity  of  these  points  occurs  as  the  t/D  ratio 
increases.  The.se  points  cease  to  be  distinct  in  the  cloud  when  the  t/D  ratio  is  between  0.10  and 
0.16  becau.se  of  rearward  How  at  the  periphery  of  the  center  element.  As  impact  velocity  increases, 
little  change  in  the  axial  velocity  of  this  region  is  observed;  however,  a  moderate  increa.se  of  the 
diametral  velocity  of  these  points  occurs. 


f-ig.  7.  Norinalized  axial  and  dianiettal  velocities  of  center  element  of  debris  cloud  versus  i/D  ratio  and 
impact  velocity. 


Nomialized  axial  and  diametral  velocities  of  points  '"SX  'S;,  and  s®  are  presented  iti  Fig.  8.  As  t/D 
ratio  increases,  in  Fig.  8a.  the  axial  velocity  of  all  four  points  decreases.  Points  ®  and  ®  cease  to 
he  distinct  when  this  element  chatiges  from  a  truncated-cone  shape  to  a  spherical  .sector  at  a  t/D 
ratio  between  0.10  and  0. 16.  The  diametral  velocity  of  these  pairs  of  points  increases  slightly  to  a 
maximum  at  t/D  =  0.16.  then  decreases  rapidly  until  this  feature  di.sappears  (t/D  >  0.23).  Tlie 
opposite  behavior  of  these  points  is  observed  w  hen  impact  velocity  increa.ses.  Tlie  axial  velocity  of 
points  S)  and  '<?  increases  considerably;  however,  little  or  no  change  in  the  axial  velocity  of  points 
7  and  «  is  observed.  .Significant  increases  in  the  diametral  vekicity  of  both  pairs  of  points, 
particularly  7'  and  ;»),  are  the  most  noteable  feature  of  Fig.  8b. 

Cirow’th  of  the  debris-cloud  internal  stmeture  occurs  as  l/D  ratio  and  impact  velocity  increa.se. 
Comp;irison  of  nomialized  debris-cloud  velocities,  as  a  function  of  t/D  ratio,  indicates  that  the 
velocities  of  points  used  to  evaluate  this  growth  agree  (within  measurement  limits)  despite  a  factor 
(»f  two  variation  in  projectile  diameter  and  a  factor  of  eight  in  projectile  mass.  'Hie  limited  data 
(one  point)  would  indicate  that  similar  agreement  of  nomialized  velocities  occurs  as  impact 
velocity  i.s  varied.  Caution  is  urged  in  extending  these  ob.servations  to  all  combinations  of  t/D  ratio 
and  impact  velocity,  however.  'Hie  development  and  growth  (or  minimal  growth)  of  the  front 
element  was  the  most  interesting  and  significant  aspect  of  comparison  of  debris-cloud  features. 


A.  J.  Pl^Kl  lOUNKI 


Proieciile 
DiameJer  (mm 


• 

12  70 

6061 -T6 

• 

953 

6061  16 

• 

6  35 

6061  T6 

o 

12  70 

2024-T3 

o 

953 

2024  T3 

A 

9  53 

1100-0 

A 

6.35 

1100-0 

t'U  IMPACT  velocity  (km/s) 

(a)  (b) 

Fig.  8.  Normalized  axial  and  diametral  velocities  of  front  element  of  debris  cloud  versus  i/D  ratio  and 
impact  velocity. 


Mod^l  for  Early-Time  Interactions  at  impact  Site 

Late-time  views  of  the  debris  clouds  presented  in  Fig.  4  are  shown  in  Fig.  9.  These  late-time  views 
clearly  show  the  development  and  growth  of  tfe  front  element  of  the  debris-cloud  internal  structure 
as  impact  velocity  increases.  The  front  element  of  each  view  in  Fig.  9  consists  of  the  following: 
(9a)  and  (9b)  a  single  fragment  and  several  solid  fragments,  respectively:  (9c)  a  small  cloud  of  solid 
fragments:  (9d)  and  (9e)  a  large  cloud  of  finely  divided  droplets  of  molten  aluminum. 

A  model  for  the  formation  of  the  front  element  is  presented  in  this  subsection.  The  essential 
features  of  the  model  are  shown  in  Fig,  10.  The  model  draws  heavily  on  a  description  of  the 
kinematics  of  the  impact  process  given  by  Ang  (1990)  and  used  to  determine  the  source  of  material 
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l.ate-time  views  of  debris  clouds  showing  development  of  front  element  of  internal  structure  as  a 
function  of  increa.se  in  impact  velocity.  View.s  (a)  through  (d)  used  9..S3-nim-diameter,  2017-T4 
aluminum  spheres.  View  (e)  u.sed  a  6..L‘>  mm-diameter.  .1017-T4  aluminum  sphere.  All  tests 
u.sed  b06l  -T6  aluminum  bunipers  (t/D  =  0.049).  See  Fig.  4  for  earlier  views  of  these  clouds. 
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Fig.  10.  Illusnation  oi  interactions  at  impact  site.  Collision-point  velocities  versus  time  after  impact,  for  a 

9.53-mm-diameter  sphere  traveling  at  6.70  km/s,  are  shown  in  this  figure.  In  the  inset,  the  impacting 
sphere  andimpactedplate  are  shown  withappropriate  notation  forthe  velocities  referenced  in  the  paper. 


dominating  an  impact  flash  signature.  In  Fig.  10,  U  is  the  shock-wave  front  velocity,  u  is  the 
particle  velocity  behind  the  shock-wave  front,  Vq  is  the  sphere  impact  velocity,  V^p  p  is  the 
velocity  of  the  collision  point  between  the  .surfaces  of  the  sphere  and  target  in  the  reference  frame 
of  the  projectile,  and  V^p  j  is  the  velocity  of  the  collision  point  in  the  reference  frame  of  the  target. 
Half  of  a  sphere  impacting  half  a  semi-infinite  plate  is  shown  in  the  inset  in  this  figure. 

As  shown  in  Fig.  10,  V^p,  j  ‘s  greater  than  U  for  the  first  0.12  ps  after  impact.  Consequently, 
loading  of  the  lens-shaped  region  shown  in  the  inset  is  quasi  one-dimensional  during  this  time 
interval.  Formation  of  release  waves  at  the  boundaries  of  the  lens-shaped  region  is  not  possible  as 
long  as  Vqp  t  is  greater  than  U.  When  V^p  -j-  is  less  than  U,  release  waves  are  generated  in  the 
target  prior  to  contact  by  the  oncoming  sphere.  As  the  impact  process  continues,  formation  of 
release  waves  in  the  sphere  begins  and  a  decrease  in  U  occurs,  due  to  spherical  divergence  of  the 
wave  front.  These  later-time  events  quickly  complicate  description  of  the  shock-wave  interactions 
taking  place  during  the  remainder  of  the  impact  event.  In  the  inset  in  Fig.  10,  the  lens-shaped 
region  of  compressed  material  is  shown  to  scale  at  the  time  V(;^p  -p  equals  U  (0.12  ps  after  impact). 
The  diameter  of  the  compressed  region  is  approximately  56  percent  of  the  diameter  of  the  .sphere. 
Also  shown  is  at/D  scale  that  allows  the  reader  to  determine  the  fraction  of  bumper-plate  thickness 
that  experiences  quasi  one-dimensional  loading  during  impact. 

The  nearly  constant  radiographic  density  and  shape  of  the  front  element,  for  the  low  t/D  ratio  tests, 
would  indicate  that  the  materials  involved  in  the  formation  of  the  front  elements  experienced  similar 
shock  loadings.  At  greater  t/D  ratios,  increasingly  larger  volumes  of  materia)  are  involved  in 
formation  of  the  front  elements.  However,  this  material  is  derived  from  regions  where  the  shock 
wave  interactions  are  complicated  and  where  shock-wave  velocities  and  pressures  are  lower.  These 
factors  contribute  to  proces.ses  that  alter  the  prominence  and  shape  of  the  front  element. 

Growth  of  the  lens-shaped  region,  shown  in  Fig.  10,  into  the  darker  portion  of  the  front  element  is 
illustrated  in  Fig.  1  la.  The  diameter  of  the  heavily  shaded  region  in  this  figure  was  determined  from 
the  radiograph  of  the  debris  cloud  shown  in  Fig.  1  lb.  This  diameter  and  the  measured  diametral 
velocity  of  this  portion  of  the  debris  cloud  were  used  to  compute  the  diameter  of  the  lens-shaped 
region  at  0.12  ps  after  impact.  The  computed  diameter  and  the  nominal  diameter  of  this  region 
(56  percent  of  the  sphere  diameter)  agreed  exactly.  The  darker  region  in  the  front  element  was  also 
observed  in  radiographs  of  tests  with  t/D  ratios  of  0.026  and  0.049. 
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Fig.  1 1 .  Developmem  of  features  in  front  element  of  internal  strueture  of  debris  cloud,  (a)  Expansion  of  region 
in  whicli  collision-point  velocity  in  target  exceeds  shock-wave  front  velocity  (see  Fig.  Idl.  (b)  Vie\s  of 
debris  cloud  produced  b\  impact  of  a  d.53-mni-diameier  2017-14  aluminum  sphere  with  an  1 100-0 
aluminum  sheet  at  6.67  km/s  (Shot  4-12‘)0.  t/D  =  0.032). 


/'.'//t'l  /  ofCluin^c  of  State  on  Dchris-Cloitd  \  elocitics  and  Morphology. 

Projectile  and  bumper-plate  material  that  fomi  the  front  element  are  the  most  intensely  shocked 
material  in  the  debris  cloud.  It  has  been  shown  (.see  Anderson  et  al..  1990.  for  example)  that 
release  from  a  shocked  state  is  a  nearly  isentropic  process  and  that  a  significant  amount  of  energy 
remains  in  the  previously  shocked  material  after  release.  This  residual  energy  is  converted  to  heat 
and.  depending  on  the  amount  of  heat  available,  melting  and/or  vaporization  of  the  previously 
shocked  material  may  occur.  Anderson  ct  al.  have  estimated  the  residual  temperatures,  as  a 
function  of  particle  velocity  of  the  shocked  material,  for  four  metals:  aluminum,  cadmium,  lead, 
and  molybdenum.  An  adaptation  of  a  figure  taken  from  their  work  is  presented  in  Fig.  12  and 
shows  the  results  of  their  computations  for  aluminum.  The  lens-shaped  region  of  Fig.  10  can  be 


F-ig  12  F-stirnaied  residual  temperaiurc  versus  panicle  velocity  using  Tillotson  F.O.S  Shot  numbers  noted  in 
this  tigure  are  for  tests  shown  in  F-igs.  4  and  U. 
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treated  as  experiencing  a  nearly  one-dimensional  shock.  Following  release  from  the  shocked  state, 
material  in  this  region  should  attain  temperatures  and  phases  indicated  in  Fig.  12.  As  the  t/D  ratio 
increases,  material  outside  this  region  would  not  be  as  highly  shocked  and  increasingly  larger 
portions  of  the  bumper  and  projectile  would  remain  as  solid  but  heated  fragments. 

Studies  performed  at  UDRl.  by  Schmidt  et  al.  (1993),  have  provided  radiographs  of  tests  in  which 
cadmium  spheres  were  fired  at  cadmium  plates  (t/D  ratios  ~  0.16).  Impact  velocities  for  these  tests 
were  high  enough  to  cause  vaporization  of  projectile  and  bumper  material.  Results  of  an  analysis 
of  these  tests  and  the  tests  with  aluminum  spheres  and  plates  were  used  to  develop  the  sequence  of 
debris-cloud  cross  sections  illustrated  in  Fig.  13.  In  this  figure,  effects  of  change  of  state  due  to 
increased  impact  velocity  are  first  manifested  in  the  lens-shaped  region  shown  in  Figs.  10  and  11. 
When  impact  velocity  is  low,  the  cloud  is  composed  of  solid  fragments.  As  impact  velocity 
increases,  a  small  region  of  liquid  develops  but  may  have  a  thin  zone  of  solid-liquid  phase  bumper 
material  at  the  front  and  a  thick  zone  of  solid-liquid  phase  projectile  material  at  the  rear.  The  entire 
zone  liquefies  as  impact  velocity  and  residual  temperature  increases.  Further  increases  in  impact 
velocity  produce  regions  of  liquid-vapor  phase  and  vapor.  Low-density  vaporous  material  at  the 
front  of  the  cloud  is  driven  outward  due  to  the  expansion  of  regions  of  higher  density  vapor  below. 
This  outward  expansion  produces  a  fuller  and  more  rounded  debris-cloud  profile.  As  expansion 
continues,  the  regions  of  high-density  vapor  are  exhausted  and  disappear.  The  increase  in  the 
velocity  of  point  ®.  in  Fig.  6b.  is  indicative  of  a  significant  decrease  in  material  strength  resulting 
from  complete  liquefaction  of  material  in  the  front  element. 

Similarities  between  the  cadmium  and  aluminum  debris  cloud  were  striking  when  the  comparisons 
were  made  on  the  basis  of  t/D  ratio.  In  Schmidt  et  al..  issues  related  to  scaling  of  impact  velocity, 
thermodynamic  properties  of  the  materials  involved  in  the  impact,  etc.,  are  discussed.  Test  results 
presented  by  Schmidt  et.al.  show  that  properly  scaled  aluminum  and  cadmium  experiments 
produced  similar  damage  to  or  failure  of  the  rear  wall  of  a  Whipple-type  shield.  Similarity  of  cloud 
structure  and  properties  has  been  observed  in  the  other  UDRl  tests  involving  impacts  of  like 
materials.  The  structural  features  of  the  aluminum  tests  described  in  this  paper  conform  to  the 
features  shown  for  the  low  and  moderate  impact  velocity  debris  clouds  in  Fig.  13.  All  evidence 
indicates  that  impacts  of  aluminum  spheres  with  aluminum  plates  at  velocities  high  enough  to 
produce  vaporization  would  produce  debris  clouds  that  look  like  the  vaporous  cloud  shown  in  Fig.  13. 


r-'ii:.  I  Illusirution  of  various  debris-clouii  structural  features  resulting  from  change  of  phase  of  material 
in  cloud  elements.  Cloud  development  typical  for  t/D  ratio  near  or  just  below  optimum. 


SUMMARY 

Debris  clouds  produced  by  the  impact  of  aluminum  spheres  with  thin  aluminum  plates  were  shown 
to  consist  of  three  structural  features:  (I)  an  ejecta  veil,  (2)  an  external  bubble  of  debris,  and  (3)  a 
significant  stmeture  inside  the  external  bubble  of  debris.  The  internal  structure  consisted  of  a  front. 
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center,  and  rear  element.  The  prominence  and  size  of  the  three  internal  structural  elements  was 
shown  to  vary  with  t/D  ratio  and  impact  velocity.  Changes  in  impact  velocity  produced  the  more 
significant  changes  in  the  front  element. 

A  model  for  the  development  of  the  front  element  of  the  internal  structure  was  presented.  This 
mode!  and  the  appropriate  themiodynamic  descriptions  of  the  metals  used  for  the  bumper  and 
projectile  can  be  used  to  determine  the  state  of  material  in  this  region  of  the  debris  cloud.  A 
description  of  a  debris  cloud  containing  solid,  solid-liquid,  and/or  liquid-vapor  phases  was  presented. 
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ABSTRACT 

Penetration  experiments  were  conducted  at  the  plasma  accelerator  test  facility  of  the 
LRT/TUM.  Thin  aluminium  sheets  (8  to  125  fim  thick)  were  impacted  and  penetrated  by  glass 
spheres  with  diameters  of  20  to  60  /;ra  at  velocities  between  10  and  15  km/s .  In  earlier 
experiments  similar  impacts  on  semi- inf inite  targets  were  analyzed  and  a  method  was  developed 
to  quantitatively  measure  the  electrical  charge  contained  in  the  Impact  plasma.  This  method 
has  been  extended  to  Impacts  on  thin  targets  which  were  perforated.  The  electrical  charges 
were  measured  on  both  sides  of  the  target  together  with  the  velocity  and  the  diameter  of  the 
projectile.  Sensors  behind  the  target  detected  the  light  from  the  penetration  Itself  as  well 
as  from  the  debris  plume.  These  experiments  were  conducted  with  a  modular  target  system, 
which  was  designed  to  assure  a  constant  accuracy,  while  significant  parameters  were  varied. 
These  experiments  offer  a  new  method  for  the  determination  of  the  projectile  diameter. 


INTRODUCTION 

One  of  the  main  objectives  of  the  experiments  in  the  laboratory  of  the  Lehrstuhl  fur 
Raumfahrttechnik  (LRT)  is  the  simulation  of  micrometeoroids  and  space  debris.  Small  particles 
are  accelerated  in  a  plasma  accelerator  (Igenbergs  and  Shriver,  1973;  Hiidepohl  et  al .  .  1989). 

Helium  gas  is  injected  between  two  coaxial  electrodes.  This  gas  is  used  to  generate  a  helium 
plasma  by  the  discharge  of  a  capacitor  bank  (365  //F,  20  kV)  .  The  current  flowing  through  the 
plasma  and  the  magnetic  field  around  the  center  electrode  cause  Lorentz-forces  accelerating 
the  plasma  piston  out  of  the  electrodes  into  a  conical  coil.  There,  the  plasma  is  compressed 
to  several  kllobars  and  passes  the  nozzle  of  the  coil  with  a  velocity  on  the  order  of 
80  km/s.  In  front  of  the  coil,  small  glass  spheres  are  exposed  to  the  plasma  flow  and  hence 
are  drag-accelerated.  Glass  is  the  most  appropriate  material  to  withstand  the  high 
temperatures  and  the  shock  conditions  during  the  acceleration  phase.  After  a  flight  path  of 
almost  4m  the  particles  will  impact  a  target  mounted  in  a  detector  within  the  high  vacuum 
section  of  the  range. 

Impacts  of  sufficiently  high  kinetic  energy  will  evaporate  and  partly  ionize  material  of  both 
the  projectile  and  the  target  and  then  eject  the  material  out  of  the  penetration  zone.  Within 
this  ejecta  cloud  the  electrical  charges  are  transported  to  collector  plates  placed  on  both 
sides  to  the  flight  path  of  the  projectile.  The  collectors  are  biased  to  opposite  voltages  to 
separate  negative  and  positive  charges.  The  mass  and  the  velocity  of  the  Impacting  projectile 
can  be  calculated  of  these  electrical  charges.  This  principle  is  presently  used  in  a  space 
experiment  called  Munich  Dust  Counter  (MDC)  on  board  of  the  Japanese  satellite  Hiten 
(Igenbergs  et  al .  .  1990).  The  micrometeoroid  impacts  measured  between  the  Earth  and  the  Moon 
provided  new  data  of  the  micrometeoroid  flux  in  space. 


EXPERIMENTAL  SETUP 

The  detector  (Fig.  1)  is  designed  to  determine  the  mass  and  the  velocity  of  the  impacting 
projectile,  as  well  as  the  positive  and  negative  charges  carried  by  the  ionized  ejecta  clouds 
in  front  of  and  behind  the  target.  On  the  rear  side  of  the  target,  the  light  emission 
generated  by  the  penetration  is  detected. 

Three  axially  dlsplacable  frames  are  mounted  perpendicular  to  the  flight  path.  The  components 
of  the  setup  are  designed  as  slides  which  are  inserted  into  the  frames  providing  a  target 
area  of  60  x  60  mm.  The  upper  frame  holds  a  submicron  nltrocellulosis  film  (NC-foll)  for  the 
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determination  of  the  projectile  size,  The  middle  frame  carries  the  target  and  the  front  and 
rear  charge  collector  plates.  The  lower  frame  holds  the  light  detector.  In  order  to  minimize 
the  length  of  the  wires  from  the  detectors  to  the  amplifiers,  the  electronics  are  situated 
within  the  vacuum  chamber.  A  cylindrical  box  below  the  light  detector  contains  four 
high-speed  operational  amplifiers  for  the  charge  signals  and  four  high  impedance  sensing 
amplifiers  for  the  light  signals.  The  experimental  setup  is  shielded  by  a  housing  to  reduce 
the  interference  of  the  photosensors  with  the  plasma  light  within  the  accelerator.  The  entire 
detector  is  surrounded  by  a  metallic  cylinder  for  protection  against  electromagnetic 
radiation . 


UHV-f lange 


50  mm 


Fig.  1.  The  impact  detector  is  mounted  on  the  back  end  flange  of  the 
high  vacuum  section.  The  cylindrical  shielding  and  the  front 
cover  of  the  housing  are  removed.  Above  the  cylindrical 
electronics  box  three  frames  hold  the  light  detector,  the 
target  slide  and  the  four  charge  collectors,  the  NC-foil  slide 
and  the  lower  half  of  a  vacuum  labyrinth  ensuring 
electromagnetic  shielding. 


EXPERIMENTS 

The  projectile  parameters  must  be  determined  immediately  prior  to  the  impact  because  ablation 
during  the  acceleration  process  reduces  the  Initial  size  of  the  projectile. 

A  submicron  nltrocellulosis  film  (NC-foil)  is  used  to  determine  the  projectile  mass.  The 
thickness  of  the  NC-foil  is  at  least  two  orders  of  magnitude  smaller  than  the  projectile 
diameter.  The  penetrating  projectile  will  generate  a  hole  which  corresponds  very  closely  in 
size  and  shape  to  the  cross-section  of  the  projectile.  Spherical  shape  for  every  projectile 
in  this  experiment  series  is  assumed,  because  all  impacts  which  did  not  show  circular  holes 
in  Che  NC-foil  were  excluded  from  further  evaluation.  The  mass  is  computed  using  the  known 
density  of  the  projectile. 
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The  velocity  of  the  impacting  projectile  is  determined  by  a  time  of  flight  measurement.  The 
projectiles  leave  20  /is  after  the  initiation  of  the  capacitor  bank  discharge  (Igenbergs 
et  al .  .  1987).  The  acceleration  of  the  projectiles  is  only  effective  throughout  a  short 
distance  compared  to  the  flight  path  of  the  projectile  because  of  the  divergent  plasma  flow 
behind  the  compressor  coll.  Thus,  for  the  calculation  the  velocity  is  assumed  to  be  constant. 

Electromagnetic  radiation  from  the  plasma  accelerator  strongly  influences  the  detector  system 
for  about  250  /is  after  initiation  of  the  experiment.  Then  the  resistance  of  the  Ignltron 
switches  increases  by  several  orders  of  magnitude  and  disconnects  the  capacitor  bank  of  the 
accelerator.  Thus,  a  flight  path  of  3969  mm  allows  enough  delay  to  record  signals  of 
projectiles  whith  velocities  less  than  17  km/s  without  electromagnetic  noise  from  the 
capacitor  bank. 

The  collector  plates  are  biased  to  +30  V  and  -30  V,  respectively  and  separate  the  positive 
and  negative  charges  of  the  impact  plasma.  The  electrical  currents  detected  by  the  collectors 
are  on  the  order  of  100  /iA  and  cannot  be  measured  directly  with  a  transient  recorder.  High 
slew  rate  operational  amplifiers  convert  the  currents  into  signals  of  several  volts. 

The  currents  detected  in  front  of  the  target  (Fig. 2a)  typically  show  the  throe  features  of  a 
hypervelocity  Impact  signal  explained  by  Iglseder  and  Igenbergs  (1987):  the  NC-foll 
penetration,  the  actual  Impact  and  secondary  ejecta  impacts.  The  charge  collectors  behind  the 
target  (Fig.  2b)  cannot  detect  the  NC-foil  perforation,  but  do  record  the  target  perforation 
and  secondary  effects  caused  by  ejecta  impacts. 


Fig.  2.  The  charge  current  signals  are  generated  by  ions  (positive)  and 
electrons  (negative) . 

(aluminium  sheet,  thickness:  110  //m) 

a.  The  signals  measured  in  front  of  the  target  show  three  events: 
the  NC-foll  penetration,  the  impact  on  the  target  and  impacts 
of  the  ejecta  from  the  target. 

(projectile  diameter:  45  /;ra,  impact  velocity:  8.5  km/s) 

b.  The  signals  measuread  behind  the  target  show  a  main  peak  and 
subsequent  secondary  Impacts. 

(projectile  diameter:  44  //ra,  impact  velocity:  11.9  km/s) 


Integrating  the  current  over  time  yields  the  electrical  charge  (Fig.  3).  Both  the  time 
between  the  peaks  of  the  main  and  the  secondary  impacts  and  their  amplitudes  vary  with  the 
distance  of  the  collectors  from  the  impact  location.  Hence,  the  main  Impact  and  the  secondary 
effects  may  merge  and  then  are  hardly  distinguished  in  the  charge  signal. 
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Fig.  3.  The  charges  of  Ions  (positive)  and  electrons  (negative)  are 
obtained  by  integrating  the  charge  current  signals. 

a.  The  front  charges  correspond  to  Fig.  2a. 

b.  The  rear  charges  correspond  to  Fig.  2b. 


The  impact  light  emissions  on  the  rear  side  of  the  target  and  of  the  debris  plume  are 
detected  by  Avalanche  Photo  Diodes  (APDs) .  The  APDs  are  operated  in  an  Inverse  direction 
circuit,  biased  to  -220  V  and  are  similar  to  photomuitipier  tubes.  The  spectral  responslvity 
is  higher  than  30  A/W  within  a  wavelength  band  from  520  nm  to  970  run  (maximum  responslvity: 
77  A/U  at  830  nm)  .  Hence,  heated  matter  of  the  impact  event  may  be  the  main  source  of  the 
detected  radiation.  The  sensors  can  be  used  uncalibrated  to  provide  some  information  on  the 
location  of  the  perforation.  The  space  behind  the  target  is  divided  into  four  chambers.  Each 
APD  surveys  one  quarter  of  the  rear  target  surface.  Thr  light  emitted  in  one  quadrant  is 
focussed  by  a  lens  onto  the  corresponding  APD.  A  honeycomb  structure  in  front  of  the  lenses 
avoids  stray  light  from  the  neighbouring  chambers  and  from  the  outside. 


time  [/is] 

Fig.  A.  The  light  signal  of  a  single  APD  shows  the  optical  features 
behind  a  target  perforated  by  a  hypervelocity  projectile; 
emission  from  the  penetration  location  Itself  and  the  radiation 
from  the  expanding  debris  plume. 

(copper  sheet,  thickness:  40  /ira, 

projectile  diameter;  58  /im.  Impact  velocity;  7.1  km/s) 

Note:  Using  copper  as  target  material  shows  the  two  sources  of 
the  light  signal.  The  light  detected  from  the  penetration 
location  is  superposed  on  the  stronger  radiation  of  the  debris 
plume  if  aluminium  targets  are  impacted. 
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An  APD  signal  (Fig.  9)  shows  a  steep  slope  caused  by  light  emitted  from  the  location  of  the 
perforation.  This  peak  Is  superposed  on  the  radiation  of  the  debris  plume  which  causes  a 
slower  rise  of  the  light  signal,  but,  In  the  case  of  an  aluminium  target,  a  higher  amplitude. 
The  expanding  ejecta  cloud  Is  also  detected  by  the  other  three  AFDs  with  a  time  delay  and  a 
lower  amplitude.  It  is  a  specific  feature  of  the  plasma  accelerator  that  generally  more  than 
one  projectile  Is  accelerated.  All  light  signals  together  (Fig.  5)  are  used  to  relate  an 
impact  event  to  Its  charge  signals.  With  this  light  detector  even  two  impacts  In  the  same 
quadrant  can  be  distinguished. 


Fig.  5.  The  four  qu'.drants  of  the  rear  target  side  are  surveyed  by  one 
APD  each  (signals  from  above:  quadrants  I-IV).  This  light 
detector  record  shows  target  penetrations  at  different 
locations  within  the  fourth  quadrant.  The  fastest  impact 
occurred  In  the  middle,  the  second  one  close  to  the  first  and 
the  slowest  one  close  to  the  third  quadrant. 

(sheet  material:  alviminlum,  thickness  10  fim, 
projectile  diameter:  29  /;m.  Impact  velocity:  9.8  km/s 

29  //m,  7.9  km/s 

13  //m,  9.6  km/s) 


TARGETS  AND  PROJECTILES 

Sheets  of  pure  aluminium  with  thicknesses  between  8  and  125  /im  and  a  smooth  surface  on  both 
sides  are  used  as  targets. 

The  projectile  parameters  are  varied  by  changing  the  size  of  the  glass  spheres  loaded  prior 
to  the  test.  The  projectile  mass  varies  statistically  due  to  plasma  flow  effects.  In  these 
experiments  the  mass  ranged  from  10'"^  to  10  ‘  ®  g.  the  impact  velocity  from  1.9  to  18.9  km/s. 


EVALUATION  OF  THE  EXPERIMENTS 

The  target  and,  close  above,  the  NC-foll  slide  are  mounted  in  a  frame  with  a  transparent  grid 
and  then  are  Investigated  with  a  microscope.  This  frame  preserves  the  relative  position  of 
the  aluminium  sheet  and  the  NC-foll. 


Fig.  6.  A  penetration  hole  in  the  NC-foll  with  56  //m  In  diameter. 


The  perforation  holes  In  the  NC-foll  (Fig.  6)  have  a  smooth  rim  and  are  surrounded  by  a  halo 
of  deposited  vapour  which  accompanied  and  swept  up  the  projectile.  Holes  generated  by  ejecta 
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perforation  look  different:  These  have  Irregular  rims  and  no  halo.  Sometimes  the  hole  of  the 
projectile  is  removed  subsequently  by  ejecta  perforation  and  the  mass  of  the  projectile 
cannot  be  estimated. 

In  the  experiments  described  here,  the  impact  velocity  is  higher  than  the  sound  velocity  in 
the  target  and  the  impacts  show  the  typical  features  of  a  hypervelocity  event.  Both,  the 
front  and  the  rear  side  of  the  hole  are  rimmed  by  a  steep,  overturned  lip  (Fig. 7).  The  target 
material  next  to  the  impact  remains  in  the  original  state. 


a.  b. 


Fig.  7.  A  penetration  hole  was  scanned  with  ar.  electron  microscope, 
(aluminium  sheet,  thickness:  125  //m, 
hole  diameter:  220  .im, 

projectile  diameter:  56  //ra,  impact  velocity:  10.6  km/s) 

a.  Front  view 

b.  Rear  side  view  (several  rows  of  crater  lips  are  visible) 

c.  View  inside  the  hole 


A  glass  plate  is  located  behind  the  target  during  the  experiments.  A  fine  deposit  of  spray  is 
found  there  as  opposed  to  the  expected  secondary  impacts  This  indicates  a  high  degree  of 
ejecta  vaporization  during  the  penetration  of  the  target  No  projectile  material  remains 
inside  the  penetration  hole.  The  surface  there  is  smooth  or  shows  patterns  similar  to  fish 
scales  due  to  cracks  caused  by  the  release  from  the  shocked  state  (Fig.  7c). 

Sometimes  the  rear  side  shows  two  or  more  rows  of  lips  inside  of  the  outer  steep  lip 
(Fig.  7b).  In  this  case  the  surface  between  the  lips  is  rough  and  looks  cr',;?bly.  This  feature 
("scabbing")  is  caused  by  spallation  and  also  was  observed  on  sheets  penetrated  in  low  earth 
orbit  (Carey  et  al .  .  1985a),  The  Impacts  probably  occurred  close  to  the  ballistic  limit  if 
the  spallation  features  remained  i.itact.  Generally,  these  features  are  subsequently  removed 
by  the  penetrating  projectile  at  higher  Impact  energies. 

Hypervelocity  Impacts  of  spheres  Into  semi- inf Inite  targets  generate  craters  of  ellipsoidal 
shape  (Iglseder  and  Igenbergs  ,  1590).  Penetration  holes  through  targets  which  are  thin 
compared  to  the  projectile  diameter  are  of  cylindrical,  or  hyperboloida 1  ,  shape.  The  target 
penetrated  In  these  experiments  are  neither  seml-infinte  nor  thin  compared  to  the  diameter  of 
the  impacting  projectile.  Hence,  the  transition  from  the  crater  to  the  hole  generation 
'’’•oress  Is  visible  if  Impacts  close  to  the  ballistic  limit  are  examined  (Fie. 8). 
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Fig.  8.  Two  cross-sections  of  impact  craters  close  to  the  ballistic 
limit  are  compared: 

(aluminium  sheet,  thickness:  110  /tm) 

a.  The  Impact  features  are  similar  to  a  crater  in  a  semi-infinite 
target.  The  rear  surface  of  the  target,  however,  is  already 
bent  outward  and  disrupted  by  spallation. 

(cr-ater  diameter:  183  //m, 

projectile  diameter:  47  /im,  impact  velcvity:  7.3  km/s) 

b.  The  projectile  almost  disrupted  the  rear  surface  to  generate  a 
penetration  hole  with  a  cylindrical  shape. 

(crater  diameter:  160  //m, 

projectile  diameter:  40  //m,  velocity:  8.5  km/s) 

Note:  The  cross-sections  do  not  show  the  maximum  diameters. 


The  further  beyond  the  ballistic  limit  an  impact  occurs  (e.g.  a  reduction  of  the  target 
thickness),  the  more  cylindrical  the  penetration  hole  is  and  the  smaller  the  crater  lips  are, 
compared  to  the  hole  size  (Fig.  9). 


Fig.  9.  A  penetration  hole  further  beyond  the  ballistic  limit, 
(aluminium  sheet,  thickness:  10  //m, 
hole  diameter:  37  //ra, 

projectile  diameter:  13  /m,  impact  velocity:  8.5  km/s) 

Note:  This  cross-section  does  not  show  the  maximum  diameter. 


The  impact  velocity  influences  the  shape  of  a  penetration  hole  if  the  projectile  diameter  and 
the  target  thickness  are  of  the  same  order  of  magnitude.  The  faster  the  impact  occurs,  the 
more  conical  are  the  penetration  holes;  i.e.  the  ratio  of  the  entry-to-exlt-side  hole 
diameter  Increases  (Carey  et  al .  .  1985b).  This  may  correspond  to  an  increasing  ratio  of 
front-to-rear-slde  ejecta  mass,  as  indicated  by  the  ejecta  charge  measurements  (Fig.  10,  see 
also  Fig.  13)  . 

Most  of  the  empirical  equations  of  crater  sizes  and  impact  parameters  are  more  or  less  based 
on  a  direct  dependence  of  the  crater  volume  to  the  impact  energy  if  material  properties  are 
not  varied  (e.g.  Frisch  et  al . .  1986;  Iglseder  and  Igenbergs,  1990).  Hence,  the  mass  of  the 
target  material  removed  from  its  original  location  is  proportional  to  the  Impact  energy  as 
well.  The  experiments  discussed  here  indicate  a  lower  amount  of  extracted  target  material  per 
unit  energy  compared  to  the  empirical  equations  above.  The  kinetic  energy  of  the  debris  plxime 
is  increased  by  the  excess  energy.  (Fig.  11) 
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Fig.  10.  A  series  of  Impacts  on  the  same  target  with  increasing 
velocity  and  constant  projectile  diameter  shows  a  variation  of 
the  hole  shape. 

(aluminium  sheet,  thickness:  40  //m) 

a.  hole  diameter:  79  ^m, 

projectile  diameter:  24  //m,  impact  velocity:  6.8  km/s, 

b.  hole  diameter:  100  /im, 

projectile  diameter:  24  //m.  Impact  velocity:  9.5  km/s, 

c.  hole  diameter:  107  /im, 

projectile  diameter:  23  /im,  impact  velocity:  11.5  km/s 
Note:  The  cross-sections  do  not  show  the  maximum  diameters. 
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impact  energy  [J] 

Fig,  11,  A  relation  between  the  Impact  energy  and  the  hole  volume 
(similar  to  Impacts  on  semi- inf inlte  targets)  is  still  visible 
for  the  perforation  if  the  target  thickness  and  the  projectile 
diameter  are  of  the  same  order  of  magnitude. 
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For  Impacts  of  glass  beads  on  serai-infinite  targets  the  ejecta  charge  per  unit  mass  satisfies 
a  power  function  of  the  impact  velocity  (Iglseder  and  Igenbergs ,  1987).  If  the  targets  are 
perforated,  the  amount  of  ionized  ejecta  collected  with  an  identical  setup  is  smaller 
compared  to  an  Impact  on  a  seml-lnflnlte  target  <Fig.  12). 
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impact  velocity  [km/s] 

Fig.  12.  The  average  of  the  total  electron  charges  (both  from  the  front 
and  the  rear)  divided  by  the  projectile  mass  is  less  than  the 
charge  generated  by  an  eqivalent  Impact  on  a  semi- infinite 
target  (indicated  by  the  line). 

Spallation  occurs  within  a  small  range  rather  than  at  a  certain  impact  velocity  referring  to 
the  momentum  transfer  model  of  Nysraith  and  Denardo  (1969).  However,  the  impact  velocity 
determines  the  Hugoniot  state  and  the  material  compression  by  the  shock  wave  propagating 
through  the  target.  Hence,  Che  spallation  generated  by  the  shock  wave  occurs  closer  to  the 
rear  target  surface  with  an  Increasing  shock  wave  amplitude.  The  projectile  penetrates  deeper 
into  the  target  until  Che  rear  target  surface  is  disrupted  and  more  material  Is  ejected  to 
the  front  side  of  the  target  (Fig. 13). 


impact  velocity  [km/s] 

Fig.  13.  The  penetration  experiments  indicate  an  increase  of  the  ratio 
of  front-to-rear-slde  ejecta  charges  with  the  Impact  velocity. 


The  detector  seperately  measures  Che  ejecta  charges  on  both  sides  of  the  target.  The  charge 
ratio  measured  in  front  of  and  behind  the  target  correlates  to  the  ratio  of  the  ejecta  mass. 
Therefore,  the  debris  clouds  on  both  sides  have  to  be  in  a  similar  state.  This  fact  could  not 
be  verified  by  the  data  from  these  experiments,  but  the  average  ratio  of  the  measured  charges 
tends  to  increase  with  the  Impact  velocity  Independently  of  the  projectile  mass. 
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UNCERTAINTIES  OF  THE  EXPERIMENTS 

The  impact  velocity  can  be  determined  quite  accurately  due  to  the  long  distance  from  the 
accelerator  to  the  target.  The  projectile  mass  is  derived  from  the  hole  size  of  the  NC-foll 
perforation.  Hence,  this  measuring  error  depends  on  the  third  power. 

The  location  of  the  charge  collectors  determined  by  Iglseder  (1987)  guarantees  a  maximum 
charge  profit  if  two  polarities  are  required.  A  variation  of  the  bias  voltages  does  not  show 
different  amounts  of  the  collected  charges,  whereas  the  distance  or  the  angle  of  the 
collectors  with  respect  to  the  target  has  a  significant  Influence  to  the  charge  collection.  A 
higher  accuracy  of  the  electron  charge  signal  compared  to  the  Ion  charge  signal  supports  the 
assumption  that  the  forces  of  the  electrical  field  between  the  collectors  are  dominated  by 
the  momentum  of  the  ejecta  cloud  itself. 

CONCLUDING  REMARKS 

A  new  setup  for  the  hypervelocity  penetration  of  thin  sheets  was  used  In  the  plasma 
accelerator  facility  of  the  Lehrstuhl  fur  Raumfahrtechnlk  (LRT)  to  measure  the  charge 
currents  of  the  ejecta  clouds  on  both  sides  of  the  target  and  to  detect  light  emissions  from 
the  rear  of  the  perforation  and  the  debris  plume. 

The  impact  charge  measurement  will  be  improved  if  the  collector  plates  are  replaced  by  wire 
grids  mounted  parallel  to  both  sides  of  the  target.  This  will  simplify  the  setup  to  a 
unipolar  detector  providing  a  constant  distance  from  the  impact  location  to  the  grids.  The 
collection  of  electrons  will  increase  the  measurement  accuracy. 

Appropriate  targets  and  collector  grids  will  allow  a  determination  of  the  Impact  parameters 
by  electron  charge  measurements.  The  total  ejecta  charge  is  related  to  both  the  impact 

velocity  and  the  projectile  mass  due  to  an  energy  transfer  to  ionize  the  material  of  the 

penetration  zone.  The  ratio  of  the  charges  measured  on  both  sides  of  the  target  varies  with 
the  impact  velocity  due  to  shock  wave  effects  and,  hence,  is  not  depending  on  the  projectile 
mass.  Light  signals  allow  to  redundantly  determine  the  impact  velocity  and  relate  the  charge 
signals  to  the  penetration  holes  if  several  impact  events  per  test  occur. 

The  new  data  indicate  that  empirical  equations  similar  to  existing  equations  for  the 
semi- inf initc  impact  show  a  correlation  of  the  the  target  mass  removed  during  the  penetration 
process  and  the  impact  energy.  The  total  ejecta  charge  increases  with  the  projectile  mass  as 
well  as  with  the  impact  velocity.  If  the  projectile  size  and  the  sheet  thickness  are  of  the 

same  order  of  magnitude,  the  ratio  of  ejecta  charges  of  the  front  and  rear  side  of  the  target 

increases  with  the  impact  velocity. 

The  transition  phase  of  beginning  to  complete  spallation  is  to  be  investigated  in  more  detail 
to  explain  phenomena  such  as  follow-on  spallation  which  was  observed  as  additional  rows  of 
crater  lips  on  the  rear  side  of  the  penetration  hole. 
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ABSTRACT 

We  have  developed  a  method  to  simulate  with  explosives  the  impact  and  penetration  of  a  reentry  vehicle 
(RV)  shell  by  a  high-density  hypervelocity  fragment.  Using  a  two-dimensional  Lagrangian  hydrocode, 
we  modeled  various  hypervelocity  fragment  impact  conditions  and  innovative  explosive  configurations 
that  simulate  the  impact  effects.  The  method  is  based  on  matching  the  damage  inflicted  on  the  heatshield 
by  the  impact  and  penetration  of  the  fragment.  Specifically,  we  set  a  simulation  objective  of  matching 
the  hole  size,  the  time  history  of  the  stress  environment,  and  the  final  effective  plastic  strain  field  for 
both  the  silica  phenolic  heatshield  and  aluminum  layers  while  keeping  the  momentum  imparted  to  the 
target  the  same.  The  calculations  showed  that  the  explosive  jet  from  an  explosive  charge  placed  inside  a 
short  disposable  steel  barrel  produced  a  hole  that  matched  the  simulation  criteria  reasonably  well  except 
that  the  aluminum  substrate  stretched  excessively  before  failing.  A  much  improved  simulation  was 
obtained  when  the  target  was  penetrated  with  a  fragment  projected  by  an  explosive  charge.  All  the 
simulation  criteria  listed  above  were  matched  very  well,  indicating  that  explosive  simulation  can  be  used 
to  simulate  the  impact  of  hypervelocity  fragments  with  a  high  degree  of  fidelity. 


INTRODUCTION 

Investigation  of  dense  fragments  impacting  and  penetrating  a  space  target  or  reentry  vehicle  requires 
advanced  gun  facilities  capable  of  accelerating  such  fragments  to  hypervelocity  speed.  As  an  alternative 
to  using  such  guns,  we  developed  a  cost-efficient  explosive  simulation  technique  that  duplicates  the 
important  impact  phenomena  with  a  high  degree  of  fidelity.  The  simulation  criteria  we  set  were  to  match 
in  both  the  heatshield  and  substrate  materials  the  following  parameters  while  keeping  the  momentum 
imparted  to  the  target  the  same: 

(1)  Hole  size. 

(2)  Time  history  of  the  stress  environment  produced  around  the  hole  during  penetration. 

(3)  Final  effective  plastic  strain  (EPS)  field  produced  around  the  hole  after  penetration. 

Our  approach  to  satisfying  the  above  simulation  criteria  is  to  develop  shaped  explosive  charges  that 
replicate  the  desired  impact  as  closely  as  possible,  cither  directly  or  through  projection  of  a  shaped 
fragment. 
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RESULTS  OF  CALCULATIONS 

As  a  reference  case,  we  chose  the  configuration  shown  in  Figure  1,  for  which  experimental  data  and  a 

KAPP  code  prediction  for  hole  size  are  available.  This  reference  case  consists  of  a  2-g  tungsten  sphere 
impacting  at  4.9  km/s  a  0.25 -in. -thick  (6.35-mm)  silica  phenolic  layer  placed  over  a  0.125-in.-thick 
(3.175-mm)  aluminum  substrate.  A  two-dimensional  finite-difference  Lagrangian  computer  code  called 
SRI  L2D  was  used  to  model  the  penetration  numerically.  This  code  has  the  capability  of  accepting 
triangular  cells  and  has  the  option  of  automatic  rezoning,  thus,  making  it  suitable  for  performing 
penetration  calculations  that  involve  large  deformation  of  the  initial  computation  zones.  The  calculation 
reported  here  used  roughly  5000  zones  initially  comprising  at  least  5  zones  through  the  thickness  of  each 
material  included  in  the  calculation.  The  equation  of  state  for  the  common  materials  used  in  the 
calculations  (tungsten,  steel,  aluminum,  and  explosives)  are  the  standard  ones  found  in  the  literature.  For 
the  silica  phenolic,  we  developed  a  Mie-Gruneisen  equation  of  state  based  on  the  limited  information 
available  in  the  literature.  The  silica  phenolic  was  assumed  to  be  isotropic  with  the  shock  Hugoniot 
chosen  as  the  reference  line.  A  von  Mises  elastic-plastic  strength  model  was  used  to  describe  the 

material  state  undergoing  large  strains.  The  initial  density  is  1 .72  g/cm  ^  and  the  shear  modulus  and  yield 
stress  are  assumed  to  be  0.03  and  0.004  Mbar,  respectively.  Our  previous  experience  with  the  SRI  L2D 
code  has  indicated  good  agreement  with  experimental  data  provided  that  reliable  data  are  available  for 
developing  the  material  models.  For  example,  comparison  with  experimental  data  for  a  tailored 
explosive  charge  that  simulated  hypervelocity  impact  has  been  reported  in  the  previous  Hyp)ervelocity 
Impact  Symposium  (Ref.  2). 
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Fig.  1 .  Computer  modeling  of  a  2-g  tungsten  sphere  impacting  a  silica 
phenolic/aluminum  target  plate  at  4.9  krrVs. 

The  sequence  of  penetration  of  the  target  plate  by  the  tungsten  sphere  is  shown  in  Figure  2.  As  shown  in 
Figure  3,  calculations  were  continued  until  the  penetration  process  was  complete  so  that  the  final  hole 
size  could  be  compared  with  the  prediction  of  the  KAPP  code.  Because  the  KAPP  code  is  based  on 


*  The  Kaman  Analytical  Penetration  Program  (KAPP),  discussed  in  detail  in  Ref.  1,  is  a  fast-running  semi- 
empirical  code  designed  to  predict  penetration  depth  and  hole  size  in  reentry  vehicles  targets  impacted  by  a 
chunky  projectile.  The  penetration  depth  is  calculated  by  using  an  integrated  form  of  a  simple  differential 
equation  that  equates  the  forces  acting  on  the  projectile  to  the  combined  resistive  forces  due  to  target  hardness  and 
inertia.  The  hole  size  is  calculated  based  on  the  projected  area  of  the  projectile  and  is  modified  according  to  the 
thickness  and  properties  of  the  target  plate.  As  stated  in  Ref.  1,  KAPP  has  been  calibrated  and  benchmarked 
against  an  extensive  experimental  data  base  covering  a  wide  range  of  impact  conditions. 
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Fig.  2.  Penetration  of  a  tungsten  sphere  through  a  silica  phenolic/aluminum  target. 


2-g  Tungsten 
Sphere  at  4.9  km/s 
(0.3-cm  radius) 


Fig.  3.  Final  equivalent  plastic  strain  (EPS)  contours  for  a  tungsten  sphere  impact. 
The  contours  indicate  2%  intervals  in  EPS. 
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correlation  with  an  extensive  experimental  data  base,  ^  comparisons  made  with  the  hole  size  "predicted" 
by  the  KAPP  code  is  essentially  equivalent  to  direct  comparison  with  the  actual  experimental  data, 
justifying  the  use  of  the  KAPP  code  to  benchmark  the  numerical  simulations  discussed  here.  As  shown 
in  Figure  3,  comparison  of  the  equivalent  plastic  strain  (EPS)  contour  plots  with  the  hole  size  predicted 
by  KAPP  indicates  that  all  the  silica  phenolic  material  which  undergoes  an  EPS  of  about  16%  (contour 
number  8)  is  removed  as  a  result  of  the  fragment  impact  and  penetration. 

The  histories  of  peak  stress  inside  the  silica  phenolic  (Location  7  in  Figure  4)  and  aluminum  (Location 
13  in  Figure  4)  are  shown  in  Figure  5  for  this  reference  impact  case. 
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Fig.  4.  Lagrangian  locations  for  pressure  history  calculation. 
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Fig.  5.  Stress  time  histories  in  silica  phenolic  and  aluminum  (tungsten  sphere  impact). 


SIMULATION  WITH  EXPLOSIVE  JET 

To  simulate  the  fragment  impact  with  an  explosive  charge,  we  performed  calculations  for  the  three 
configurations  shown  in  Figure  6,  in  which  an  explosive  column  encased  in  a  steel  closure  is  used  to  dir- 
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ect  and  penetrate  the  target  with  a  high  pressure  jet.  *  Figure  6(a)  models  a  thick-walled  steel  closure 
design,  whereas  Figure  6(b)  and  (c)  use  a  more  practical  closure  design  with  one-third  the  wall  thickness. 
The  explosive  charge  in  Figure  6(c)  is  stood  off  from  the  loaded  surface  to  determine  if  the  hole  size  can 
be  controlled  by  adjirsting  the  standoff  distance. 

(a)  Thick-walled  barrel  (b)  Thin-walled  barrel  (c)  Thin-walled  barrel  at  a 
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Figure  6.  High  explosive  configurations  to  simulate  a  tungsten  sphere  impact. 


Figure  7  shows  the  sequence  of  penetration  of  the  target  plate  for  the  configuration  of  Figure  6(a).  A 
clean  hole  is  made  in  the  silica  phenolic,  but  the  aluminum  substrate  seems  to  be  stretched  more  than  for 
the  reference  case  shown  in  Figure  2.  Also,  the  stresses  calculated  for  this  case  (shown  in  Figure  8)  have 
roughly  the  same  peak  as  in  the  reference  case  (shown  in  Figure  5),  but  the  pulse  width  and  details  of  the 
waveforms  are  not  identical. 
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Fig.  7.  Penetration  of  a  high  explosive  jet  through  a  silica  phenolic/aluminum  target. 
[Initial  configuration  of  Figure  6(  a).] 


*  This  configuration  was  first  proposed  and  tested  by  Curt  Romander  (Ref.  3). 
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(a)  Silica  phenolic  (Location  7)  ]  (b)  Aluminum  (Location  13) 
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Fig.  8.  Stress  time  histories  in  silica  phenolic  and  aluminum  for  the  high  explosive  config¬ 
uration  shown  in  Figure  6(a). 


The  calculated  shapes  of  the  final  configurations  corresponding  to  the  three  cases  shown  in  Hgure  6  are 
shown  in  Figure  9.  Hole  sizes  and  contour  plots  comparable  to  the  reference  case  are  obtained  in  all 
three  cases.  However,  the  aluminum  substrate  in  all  cases  shows  excessive  stretching,  indicating  that 
sufficient  control  of  substrate  response  to  fragment  penetration  may  not  be  possible  for  this  target 
configuration  when  simple  explosive  jets  are  used  to  directly  load  and  penetrate  the  target  plate. 


(a)  Thick-walled  barrel 


(b)  Thin-walled  barrel 


(c)  Thin-walled  barrel 
at  a  standoff 
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Fig.  9.  Final  effective  plastic  strain  contours  for  the  three  high  explosive  configurations  shown 
in  Figure  6. 
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SIMULATION  WITH  SHAPED  FRAGMENTS 

We  investigated  projection  of  fragments  made  with  a  different  material  and  shape  to  simulate  the  impact 
of  hypervelocity  fragments.  Figure  10  shows  four  axisymmetric  steel  projectile  configurations  designed 
to  simulate  the  impact  of  the  tungsten  sphere  in  the  reference  case.  The  impact  velocity  is  reduced  to  2 
km/s,  a  value  that  is  readily  attainable  with  conventional  high  explosive.  Figures  11  and  12  show  the 
impact  and  penetration  sequence  for  the  disk  projectile  shown  in  Figure  10(a)  and  for  the  hollow  plug 
projectile  shown  in  Figure  10(d),  respectively,  and  Figure  13  shows  the  final  configurations  for  all  four 
cases  shown  in  Figure  10.  The  contour  plots  in  Figure  13  show  a  striking  resemblance  to  the  reference 
calculations  shown  in  Figures  2  and  3.  In  particular.  Figure  13(a)  shows  an  equal  hole  size  and  virtually 
identical  disU'ibution  of  EPS  contour  around  the  hole  made  in  silica  phenolic.  The  stress  histories  in 
silica  phenolic  and  aluminum  further  confirm  this  similarity.  For  example,  the  peak  stress  histories  for 
the  flat  disk  impact  (shown  in  Figure  14)  indicate  a  stress  field  virtually  identical  to  that  produced  in  the 
reference  case  (shown  in  Figure  5). 


(a)  Flat  Disk  (b)  Truncated  Plug  (c)  Tall  Plug  (d)  Hollow  Plug 


Fig.  10.  Steel  projectile  configurations  to  simulate  a  tungsten  sphere  impact. 
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Fig.  1 3.  Final  effective  plastic  strain  contours  for  the  four  configurations  shown  in  Figure  1 0. 


TIME  (us) 


Fig.  14.  Stress-time  histories  in  silica  phenolic  and  aluminum  [flat  steel 
disk  shown  in  Figure  10(a)l. 


SUMMARY 

Wc  have  investigated  the  potential  use  of  conventional  high  explosives  for  simulating  the  impact  and 
subsequent  penetration  of  silica  phcnolic/aluminum  panels  by  hypervelocity  fragments.  When  a  shaped 
explosive  charge  encased  in  a  steel  closure  was  used,  the  hole  size,  stress  field,  and  EPS  contours 
produced  around  the  impact  point  were  matched  quite  well.  However,  the  aluminum  substrate  seemed  to 
stretch  more  than  that  in  the  reference  case  before  puncturing.  Using  a  steel  disk  projected  at  moderate 
spKeds  (2  km/s)  replicated  the  reference  case  very  well  and  fully  satisfied  the  simulation  criteria  of 
matching  the  hole  size,  stress  field,  and  EPS  contours  for  both  the  silica  phenolic  and  aluminum  layers. 

In  summary,  results  of  the  impact  calculations  tend  to  indicate  that  high  explosives  can  be  used  to  obtain 
a  high  fidelity  simulation  of  impact  and  subsequent  penetration  of  layered  aluminum  and  silica  phenolic 
panels  by  a  fragment  moving  at  hypc'sonic  speed.  This  simulation  technique  is  expected  to  be  more 
cost-effective  than  similar  experiments  with  conventional  hypervciocity  guns.  Moreover,  fragment  mass 
and  speed  not  achievable  with  the  existing  hypcrvelocity  guns  can  be  simulated  using  the  high  explosive 
technique  reported  here. 
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ABSTRACT 

The  paper  presents  a  general,  summarized  description  of  the  debris  cloud  properties  resulting  from  the 
hypervelocity  impact  of  a  compact  projectile  with  a  plate.  The  experimental  study  involved  the  impacts 
of  three  compact  projectiles,  L/d  =  I,  of  two  materials  (Graphite  epoxy,  and  aluminum)  at  3  and  6  km/s 
with  three  thicknesses  of  aluminum  plate.  The  test  matrix  was  tailored  to  explore  the  effects  of  such 
impact  variables  as  plate  thickness,  impact  speed  and  projectile  properties  on  characteristics  of  the  debris 
cloud.  A  few  tests  were  dedicated  to  scaling.  While  most  of  the  results  were  expected,  some  were 
interesting  and  unexpected. 


INTRODUCTION 

The  hypervelocity  impact  of  a  compact  projectile  with  a  plate  target  will  shatter  the  projectile  and 
produce  a  divergent  cloud  of  debris.  If  a  second  plate  is  placed  a  short  distance  behind  the  First  plate 
then  this  second  plate  will  be  cratered,  holed,  spalled  or  bent  by  the  combined  effect  of  many  closely 
spaced  impacts.  However,  if  the  second  plate  is  placed  a  very  large  distance  behind  the  first  plate,  the 
debris  can  spread  out  sufficiently  so  that  the  debris  fragments  produce  independent  craters.  This 
configuration  was  used  to  measure  the  size  and  trajectory  of  the  debris  fragments. 


DEBRIS  CHARACTERIZATION  SPJDY 

For  the  study  presented  here  the  second  plate  (llOO-F  aluminum  witness  plate)  was  72  projectile 
diameters  from  the  first  (2024-T3  aluminum  shatter  plate).  The  soft  aluminum  witness  plate  assembly 
consisted  of  a  rigid  outer  "window  frame"  and  a  central  plate  which  was  free  to  move  as  a  pendulum, 
allowing  a  measurement  of  plate  velocity  and  momentum  (see  Fig.  I).  The  projectile  was  an  L/d  =  1 
cylinder,  made  of  solid  2024-T3  aluminum  (2.77  g/cc),  solid  graphite  epoxy  (1.55  g/cc)  or  2024-T3 
aluminum  with  multiple  holes  to  reduce  the  average  density  to  match  the  graphite  epoxy  (see  Fig.  2). 

By  measuring  the  fragment  cloud  velocity,  V„  and  the  volume  of  each  crater,  V^,  the  approximate  mass 
of  each  fragment,  m,,,  was  determined  from  the  known  relationship  of  crater  volume  to  fragment  energy 
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at  that  particular  velocity  (see  Fig.  3).  The  crater  location  was  also  measured  (see  Fig.  4).  The  impact 
tests  therefore  yielded  the  measurements  of  fragment  size,  velocity  and  trajectory  for  tens  to  hundreds 
of  fragments.  The  fragment  sizes  included  particles  as  small  as  0. 1  %  of  the  original  projectile  mass.  The 
appearance  of  the  debris  cloud  and  the  independent  craters  on  the  witness  plates  are  shown  in  Figs.  5 
and  6. 

The  experiments  were  conducted  at  the  Naval  Research  Laboratory  using  a  two  stage  light  gas  gun.  The 
test  conditions  are  summarized  in  Table  1 .  The  test  matrix  included  three  thicknesses  of  shatter  plate  (0. 1 
mm,  1 .0  mm,  and  9.9  mm)  and  two  impact  velocities  (low  velocity  is  about  3  km/s  and  high  is  around 
6  km/s).  Three  of  the  10  small-scale  tests  were  repeated  at  2.5  times  the  scale  and  are  included  in  Table 
1  as  shots  3-16-89  thru  3-18-89.  All  tests  were  at  normal  incidence  except  tests  2-539  and  2-541  for 
which  shatter  plate  was  placed  at  an  impact  angle  of  30°.  The  ratios  of  target  to  projectile  momentum 
are  also  presented  in  Table  1 .  The  ratio  is  approximately  1  for  most  cases.  However,  for  the  few  tests 
with  a  thick  shatter  plate,  the  values  of  the  ratio  are  less  than  those  of  the  other  tests,  probably  the  result 
of  increased  debris  dispersion  such  that  a  smaller  fraction  of  debris  was  intercepted  by  the  central  plate. 


Projectile  Fragmentation 

Figures  7-14  show  the  projectile  fragmentation  resulting  from  the  small  scale  tests.  The  fragments  were 
sorted  decreasingly  by  mass  and  are  presented  in  a  log-log  plot  so  that  the  large  fragments  are 
emphasized.  The  steep  drop-off  toward  the  end  of  the  plots  may  reflect  the  inherent  errors  of  the 
measuring  process  in  which  some  measurable  craters  were  discarded.  A  power  law  fit  gave  the  best 
representation  of  size  distribution.  For  high  speed  impact  (6  km/s)  the  multi-hole  (complex)  aluminum 
projectile  produced  the  largest  fragments  and  the  graphite  epoxy  the  smallest  fragments  (see  Fig.  7).  The 
appearance  of  the  debris  cloud  from  the  complex  projectile  test  suggests  that  the  fragments  are  long 
shards  that  are  characteristic  of  the  projectile  structure  (see  Fig.  8).  The  empty  spaces  in  the  complex 
projectile  have  attenuated  the  impact  shock  so  that  the  large  pieces  of  projectile  could  survive  impact  with 
the  shatter  plate.  The  significance  of  the  large  fragments  is  displayed  in  Fig.  9.  For  instance,  the  mass 
of  the  four  largest  fragments  consists  of  56%  of  the  total  fragment  mass  accounted  for,  and  is  equivalent 
to  the  mass  of  the  largest  43  fragments  of  the  solid  aluminum  projectile.  In  comparison,  the  solid 
aluminum  projectile  shattered  into  fragments  of  more  uniform  size  than  those  of  the  complex  projectile, 
as  indicated  by  the  gradual  rise  in  the  cumulative  mass.  In  general,  the  uniform  fragments  of  the  solid 
aluminum  projectile  will  create  larger  craters  per  unit  mass  than  the  shards  produced  by  the  complex 
projectile.  The  values  of  fragment  mass  in  Fig.  7  for  the  complex  projectile  are  likely  to  be  low 
estimates  because  the  calculation  of  fragment  mass  from  Fig.  3  assumed  the  fragments  were  spheres.  The 
cumulative  mass  curve  for  the  complex  projectile  in  Fig.  9  should  therefore  be  higher  and  should  not 
cross  the  solid  aluminum  projectile  curve. 

As  the  impact  speed  decreases,  the  degree  of  projectile  shatter  decreases.  Figure  10  shows  that  the  low 
velocity  projectiles  generally  shattered  into  larger  fragments  than  those  at  high  speed.  In  this  case  the 
solid  aluminum  generated  the  largest  fragment  instead  of  the  complex  aluminum  as  was  the  case  for  high 
speed  impact.  In  Fig.  1 1,  the  cumulative  mass  of  both  aluminum  designs  exceeds  the  original  projectile 
mass  (6  g).  The  additional  mass  may:  1 )  be  generated  from  the  shatter  plate  material;  2)  represent  the 
effect  of  local  bulging  in  the  thick  central  witness  plate  which  results  in  a  larger  crater  volume  than  for 
a  semi-infinite  target. 

Figure  12  demonstrates  the  effects  of  impact  speed  on  the  fragment  recovery.  The  amount  of  projectile 
mass  identified  increases  as  the  impact  speed  decreases.  Only  25%  of  the  aluminum  projectile  mass  was 
accounted  for  at  6  km/s  but  nearly  all  the  mass  was  found  at  3  km/s.  The  measured  graphite  epoxy  mass 
was  much  smaller:  6  and  33%  respectively  at  the  two  velocities.  Therefore,  regardless  of  impact  speed, 
the  graphite  epoxy  is  still  most  sensitive  to  the  pulverization  effects  among  the  three  projectiles.  Despite 
the  gross  differences  in  measured  residual  fragment  mass,  the  ratio  of  target  momentum  to  initial 
projectile  momentum  was  approximately  the  same  for  graphite  expoxy  and  aluminum  projectiles. 
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Large  variations  in  the  shatter  plate  thickness  produced  large  variations  in  the  characteristics  of  the  debris 
cloud.  Figures  13  and  14  compare  the  projectile  fragmentation  resulting  from  the  high  velocity  impacts 
of  the  graphite  epoxy  projectile  into  shatter  plates  of  the  three  thicknesses.  The  impact  with  the  thin 
shatter  plate  placed  at  an  impact  angle  of  30“  was  sufficient  to  shatter  the  projectile  but  did  not  disperse 
the  debris  (see  Fig.  1 5).  As  a  consequence,  the  projectile  debris  produced  a  large  crater  in  the  central 
witness  plate.  The  projectile  mass  attributable  to  this  crater  was  88%  of  initial  projectile  mass.  The 
remaining  5 1  measured  craters  were  produced  by  the  fragments  which  made  up  4%  of  projectile  mass. 
In  contrast  to  the  thin  plate  impact,  the  impact  with  the  thick  plate  appeared  to  consume  the  projectile 
and  produced  a  cloud  of  highly  dispersed  aluminum  plate  fragments.  Figure  5  shows  the  amount  of 
dispersion  by  comparing  the  total  size  of  the  debris  cloud  with  the  fraction  of  the  cloud  subtended  by  the 
31”  and  60”  angles  representing  the  approximate  portions  of  the  debris  cloud  intercepted  by  the  central 
witness  plate  and  total  witness  plate  areas  respectively.  The  dispersion  reduced  the  impulse  delivered  to 
the  central  witness  plate  to  about  1/3  the  value  observed  for  the  medium  thickness  shatter  plate  test.  As 
shown  in  Fig.  14,  the  total  cumulative  fragment  mass  for  the  thick  plate  test  is  substantially  greater  than 
that  for  the  medium  thickness  plate  impact  because  the  debris  cloud  for  the  thick  plate  impact  was  mostly 
plate  fragments. 


Projectile  Skew  Angle  and  Debris  Pattern 

Table  1  reports  the  projectile  skew  angle  (the  angle  between  the  trajectory  and  the  projectile  axis)  and 
the  projectile  polar  angle,  P,  ,  (the  angle  between  the  horizontal  line  on  the  witness  plate  and  the 
projection  of  the  projectile  axis  onto  the  witness  plate).  A  similar  orthogonal  polar  angle,  Pj  ,  was 
observed  for  the  distribution  of  craters  on  the  witness  plates.  Most  of  the  tests  produced  an  impact 
pattern  which  exhibits  an  axis  of  symmetry.  It  was  further  observed  that  this  axis  of  symmetry  was 
nearly  orthogonal  to  the  projectile  polar  direction.  That  is,  the  largest  debris  fragments  spread  out  in  a 
direction  normal  to  the  projectile  axis.  An  example  of  the  polar  angles  is  illustrated  in  Fig.  16.  The 
differences  between  these  angles,  IP,  -  Pjl,  are  also  included  in  Table  1.  A  cursory  examination  of  the 
witness  plates  suggests  that  the  line  of  craters  defining  the  polar  angle,  Pj,  on  the  witness  plate  is 
displaced  from  the  trajectory  in  the  direction  of  the  projectile  axis.  Apparently  the  impact  of  the  skewed 
projectile  with  the  shatter  plate  is  generating  an  asymmetrical  radial  impulse  on  the  debris  and  pushing 
the  debris  in  the  direction  of  the  projectile  polar  angle. 


Dispersion  of  Debris 

The  spatial  distribution  of  the  debris  on  the  witness  plates  is  described  in  Figs.  17-24.  For  high  speed 
impact,  the  fragments  from  the  graphite  epoxy  impact  dispersed  by  the  largest  amount  among  the  three 
projectiles  (see  Fig.  17).  For  instance.  70%  of  the  identified  fragment  mass  from  the  graphite  epoxy 
impact  is  spread  over  an  area  15  times  the  area  occupied  by  the  complex  aluminum  fragments,  and  3 
times  the  area  occupied  by  the  solid  aluminum.  However,  as  the  impact  speed  decreases,  the  dispersion 
also  decreases  as  shown  in  Fig.  18.  In  this  case,  the  same  amount  of  the  identified  mass  from  the 
graphite  epoxy  impact  is  concentrated  in  an  area  of  only  1/8  the  area  occupied  by  the  fragments  from 
high  speed  impact.  The  big  steps  at  the  steep  portion  of  the  curves  reflect  the  concentration  of  the  large 
fragments  around  the  center  of  the  witness  plate. 

Along  with  projectile  design  and  impact  speed,  the  shatter  plate  thickness  also  influences  the  dispersion 
of  the  debris  cloud.  Figure  19  indicates  that  debris  cloud  dispersion  increases  as  the  thickness  of  shatter 
plate  increases.  For  a  thick-plate  impact,  the  type  of  projectile  does  not  have  much  effect  on  the 
dispersion  characteristics  of  the  debris  clouds,  as  demonstrated  in  Fig.  20. 

Figures  21-24  show  the  distribution  of  the  fragments  in  terms  of  population  density  (mass  per  unit  area) 
as  a  function  of  the  dispersion  angle.  The  sampling  technique  involved  the  division  of  the  entire  witness 
plate  area  into  15  equal  circular  areas  (see  Fig.  3).  A  large  number  of  rings  would  increase  the 
fluctuations  of  the  data  (as  the  ring  area  becomes  small,  the  number  of  craters  also  becomes  small).  The 
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lack  of  a  data  point  for  some  sampling  areas  indicates  that  there  no  craters  exist  within  that  particular 
sampling  area.  For  most  cases,  the  test  results  exhibit  a  higher  level  of  fragment  concentration  toward 
the  center  of  the  witness  plate,  with  the  exception  of  the  thick  plate  impacts  in  which  the  concentration 
is  relatively  low  at  the  center  and  near  the  edge  of  the  witness  plate.  Thus,  the  thick  plate  results  are 
smoothest.  Part  of  the  reason  for  the  chaos  is  the  asymmetry  in  the  fragment  distribution  due  to  the 
projectile  yaw. 


Scaling 

Figures  25-27  show  the  scaling  effects  on  the  projectile  fragmentation  by  comparing  the  results  of  the 
small  scale  impact  with  those  of  the  large  scale  impact  (2.5  times  small  scale  test).  The  comparisons 
indicate  that  the  tests  scale  fairly  well,  especially  the  multi-hole  aluminum  projectile  tests.  However, 
there  exists  some  disagreement  in  scaling,  which  may  be  due  to  the  differences  in  projectile  yaw. 


CONCLUSIONS 

The  debris  cloud  observations  obtained  from  the  13  impact  tests  lead  to  a  number  of  conclusions,  some 
expected  based  on  data  from  other  hypervelocity  impact  tests,  but  some  results  lead  to  unexpected 
conclusions. 

1 .  As  expected,  increased  impact  velocity  causes  increased  debris  dispersion.  The  sharp  reduction  of 
identified  fragment  mass  from  100%  (aluminum  projectiles)  to  25%  due  to  a  doubling  of  the  velocity  is 
more  than  we  expected.  The  normalized  impulse  to  the  central  witness  plate  was  about  the  same  at  the 
two  velocities,  suggesting  that  most  of  the  mass  does  strike  the  central  witness  plate  at  both  low  and  high 
velocity.  An  extrapolation  of  the  population  distribution  plots  of  Fig.  7  would  seem  unlikely  to  yield  the 
missing  mass.  The  most  probable  explanation  is  that  the  very  small  fragments  (<  1  mg)  were  decelerated 
by  the  4  -  9  torr  residual  atmosphere  and  therefore  did  not  have  sufficient  energy  to  produce  craters.  The 
observed  motion  of  the  witness  plate  may  be  due  to  the  motion  of  the  air  between  the  shatter  plate  and 
central  witness  plate  (this  volume  would  contain  about  3  g  of  air). 

2.  The  effect  of  plate  thickness  on  debris  dispersion  was  generally  expected.  The  amount  of  indicated 
fragment  mass  observed  for  the  two  thick  target  tests,  2  g,  seems  low,  given  the  amount  of  plate  and 
projectile  debris  generated,  60  g.  However,  some  of  the  debris  is  ejected  uprange  and,  as  indicated  by 
Fig.  5,  much  of  the  debris  mass  is  dispersed  by  such  a  large  amount  that  it  misses  the  witness  plate. 
Still,  the  indicated  fragment  mass  is  only  3%  of  the  initial  60  g. 

The  results  obtained  with  the  thin  shatter  plate  are  interesting.  Despite  the  fact  that  the  projectile  was 
completely  shattered  (see  Fig.  15),  the  debris  was  not  dispersed  and  the  debris  produced  a  single  crater 
that  corresponded  to  the  impact  of  a  solid  projectile  into  a  semi-infinite  target.  Although  the  description 
of  the  data  presented  here  identifies  one  fragment  mass  for  each  crater,  it  is  likely  that  most  of  the  large 
craters  are  produced  by  several  debris  particles.  However,  since  the  end  use  of  an  impact  model  will  be 
predictions  of  target  damage,  the  ascribing  of  the  damage  effect  of  several  particles  to  a  single  large 
particle  would  appear  to  be  meaningful  for  most  impact  model  applications. 

3.  The  effect  of  projectile  design  on  debris  cloud  properties  was  also  expected.  Previous  tests  with  sub¬ 
scale  models  of  space  based  interceptors  (complex  projectiles)  have  demonstrated  that  thin  plate  impact 
produces  large  debris  particles.  Further,  tests  with  sintered  projectiles  have  demonstrated  that  plate 
impact  produces  dust  size  particles,  similar  to  the  result  observed  with  the  graphite  epoxy  projectile. 

The  effect  of  projectile  orientation  on  debris  distributions  was  unexpected.  Projectiles  that  had  large  skew 
angles  generated  debris  clouds  for  which  the  largest  fragments  were  distributed  in  a  direction  normal  to 
the  projectile  axis.  This  results  in  a  string  of  craters  on  the  witness  plate.  Further,  this  string  of  craters 
does  not  contain  the  intersection  of  the  original  trajectory  with  the  witness  plate.  Instead,  the  string  lies 
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a  short  distance  from  this  intersection,  in  the  direction  of  the  nose  of  the  projectile. 


Table  1 .  Impact  conditions  for  debris  characterization  tests. 


TEST# 

TARGET 

PROJECTILE 

RESULTS 

Shatter 

plate 

thick. 

(mm) 

Mat. 

Density 

(g/cc) 

Mass 

(g) 

Initial 

vel. 

(km/s) 

Skew 

angle 

(deg) 

Polar 

angle 

P. 

(deg) 

Polar 

angle 

Pz 

(deg) 

IP.-Pjl 

(deg) 

Mom. 

ratio 

M^lp 

2-539 

0.1 

Gr/Ep 

1.55 

5.8 

5.70 

36 

41 

— 

— 

— 

2-534 

1.0 

Gr/Ep 

1.55 

6.0 

6.14 

86 

91 

— 

— 

0.84 

2-535 

1.0 

A1 

1.55 

5.8 

5.84 

51 

157 

63 

94 

0.99 

2-533 

1.0 

A1 

2.77 

5.9 

5.75 

17 

— 

— 

— 

— 

2-537 

1.0 

Gr/Ep 

1.55 

5.9 

2.84 

69 

87 

177 

90 

0.94 

2-543 

1.0 

A1 

1.55 

5.9 

2.82 

41 

152 

65 

87 

1.02 

2-545 

1.0 

A1 

2.77 

5.9 

2.85 

52 

104 

— 

— 

1.15 

2-541 

1.0 

A1 

1.55 

5.9 

5.94 

38 

115 

55 

60 

0.76 

2-536 

9.9 

Gr/Ep 

1.55 

5.9 

5.80 

33 

13 

... 

0.30 

2-542 

9.9 

A1 

1.55 

6.0 

5.9 

— 

— 

— 

— 

0.43 

3-16-83 

2.5 

A1 

2.77 

95.8 

5.84 

31 

6 

no 

104 

— 

3-17-89 

2.5 

Gr/Ep 

1.55 

72.9 

5.89 

18 

51 

135 

84 

— 

3-18-89 

2.5 

A1 

1.55 

93.0 

6.05 

40 

164 

71 

93 

... 

Fig.  1.  Target  layout  for  small  scale  tests  (side  view) 


reduction  technique.  Fig.  5.  Shell  debris  cloud  (Gr/Ep  into  al.  target) 


Gr/Ep.  2-534 
A((1.55  g/cc).  2-535 
Al.  2-533 


NUMBER  OF  FRAGMENTS,  N 

Debris  cloud  from  the  impact  (6  km/s)  of  complex  Fig.  9.  Fragment  mass  determined  from  the  high  speed 

aluminum  projectile  with  a  1.0  mm  thick  al.  plate.  impact  into  a  1.0  mm  thick  aluminum  plate. 
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PnOJECTU  VELOOTV,  V,  ,  (km/«)  FRAGMENT  NUMBER,  k 

Fig.  1 2.  Effects  of  impact  speed  on  total  fragment  mass  Fig.  1 3.  Effects  of  plate  thickness  on  projectile 

determined.  Shatter  plate:  1.0  mm  thick  aluminum.  fragmentation  (Gr/Ep  projectile  at  6  km/s). 
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OtSPERSION  ANGLE,  a  .  (d«9)  Ant  a  rAji«,cn 

Fig.  20.  Dispersion  of  debris  from  the  thick  plate  impact  Fig.  21.  Spatial  concentration  of  debris  from  high  speed 

(10.0  nun  thick  aluminum,  V  =  6  km/s).  impact  into  a  1.0  mm  thick  aluminum  plate. 
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Fig.  24.  Spatial  concentration  of  debris  from  thick  Fig.  25.  Effects  of  scaling  on  the  fragmentation 

plate  impact  (lO.C  mm  thick,  V  =  6  km/s).  of  the  solid  aluminum  projectile. 
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FRAGMENT  NUMBER,  k 


Fig.  26.  Effects  of  scaling  on  the  fragmentation  of  the  complex 
aluminum  projectile. 


FRAGMENT  NUMBER,  k 


Fig.  27.  Effects  of  scaling  on  the  fragmentation  of  the  Gr/Ep  projectile. 
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ABSTRACT 

The  launch  dynamics  from  a  generic  hypervelocity  cannon  are 
considered  over  the  velocity  range  from  1500  through  3500  m/s.  Both 
fin  and  flare  stabilized  projectiles  are  examined  for  the  influence 
of  in-bore  dynamics,  muzzle  blast,  sabot  discard,  and  free  flight 
aerodynamics  upon  their  trajectory.  Computations  are  performed  using 
codes  developed  and  validated  for  conventional  cannon  with  ordnance 
muzzle  velocities  (approximately  1700  m/s).  While  the  extension  into 
the  hypervelocity  regime  is  not  supported  by  experimental  data,  this 
initial  study  is  intended  to  aid  in  defining  potential  problem  areas. 


INTRODUCTION 

Hypervelocity  offers  the  promise  of  improved  terminal  performance  and 
reduced  time  of  flight  to  the  target.  However,  there  is  an 
associated  burden  of  achieving  adequate  launch  conditions  both  in 
terms  of  projectile  integrity  and  dynamics.  The  latter  are  of 
particular  interest  in  defining  overall  system  accuracy. 
Considerable  effort  has  been  expended  to  describe  the  launch  dynamics 
of  conventional  cannon.  The  present  paper  will  apply  some  of  these 
techniques  to  hypervelocity  launchers. 

Launch  consists  of  a  sequence  of  coupled  mechanical  and  gasdynamic 
interactions  leading  up  to  free  flight  of  the  projectile.  Since  the 
launch  tube  provides  a  guide  for  the  projectile,  both  its  static  and 
dynamic  characteristics  are  of  interest.  Even  statically,  the  tube 
is  not  perfectly  straight.  It  has  curvature  associated  with 
manufacturing,  gravity,  and  thermal  gradients.  Dynamically,  the  tube 
responds  to  the  chemical  or  electromagnetic  forcing  function,  the 
moving  projectile,  and  its  own  recoil/attachment  fixtures.  As  the 
projectile  accelerates  along  the  distorting  gun  tube,  it  is  subject 
to  lateral  loads  that  produce  not  only  rigid  body  motion  (balloting) 
but  also  excite  internal  vibration  of  the  round.  At  the  muzzle,  the 
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projectile  disengages  from  the  gun  tube  and  passes  the  muzzle  region 
which  for  a  conventional  cannon  consists  of  the  reverse  flow  of  the 
muzzle  blast  while  for  an  electromagnetic  cannon  includes  the 
processes  associated  with  the  interruption  of  the  current  path. 
Subsequently,  kinetic  energy  projectiles  must  discard  their  sabots. 
During  this  process,  both  mechanical  and  aerodynamic  interactions  are 
experienced.  Finally  in  free  flight,  the  trajectory  is  still  subject 
to  perturbations  associated  with  yawing  motion  (aerodynamic  jump)  and 
asymmetry . 

A  two-dimensional,  finite  difference  model  developed  by  Erline  and 
Kregel  (1990)  is  used  to  predict  projectile/gun  dynamics.  The  muzzle 
blast  interaction  is  estimated  using  the  analytic  approach  of  Schmidt 
et  al .  (1977),  while  sabot  discard  is  calculated  using  the 
semi-empirical  treatment  of  Siegelman  et  al.  (1983)  Finally,  free 
flight  perturbations  are  handled  with  methods  of  Murphy  and  Bradley 
(1959)  and  Murphy  (1963).  It  was  necessary  to  place  restrictions  on 
the  scope  of  the  study.  No  attempt  is  made  to  perform  a  realistic 
system  analysis;  rather,  the  intent  is  to  ascertain  the  nature  of 
changes  to  the  predicted  launch  perturbations  as  velocity  increases 
into  the  hypervelocity  regime.  For  this  reason  the  gun  tube, 
projectile,  and  sabot  designs  are  fixed  across  the  velocity  range 
considered  (1500  through  3500  m/s).  The  gun  tube  is  7.0m  long  and 
has  a  120mm  bore  diameter.  The  tube  length  was  selected  as  a 
compromise  between  maximum  acceleration  and  practicality.  The  round 
is  a  saboted,  steel  rod  which  can  be  either  fin  or  flare  stabilized. 
Fig.  (1),  and  represents  two  versions  of  a  training  projectile 
considered  for  use  with  the  U.S.  120rain  tank  cannon.  The  round  is  not 
designed  to  survive  the  increased  pressure  or  acceleration  of  the 
high  velocity  cases;  however,  structural  integrity  is  neglected  in 
favor  of  obtaining  a  straightforward  comparison  of  transverse 
perturbations.  Obviously,  an  improved  simulation  would  require 
better  definition  of  the  lethal  mechanism,  its  target,  and  the  launch 
system  available. 

Pf’Oirch'e  (mm)  Sobot  length  -  ??3  49'j  (mm) 

C'qive  -  14 1  (mm)  Bond  length  =  IQ  .304  (mm) 
length  ;  (m»»>) 


Fig.  la.  Fin  Stabilized  Training  Projectile 

I’f&iect'te  length  4/b92l  (mn»)  *iObo1  |  .V  '49'>  (nm*) 

length  14  3  3  (mm)  Oono  teogtt*  304  (mm) 

('enrtrato'  length  •  /*•?  >9^  (mm) 


Fig.  lb.  Flare  Stabilized  Training  Projectile 
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IN -BORE  DYNAMICS 

In-bore  dynamics  are  calculated  in  the  vertical  plane  using  the 
'Little  Rascal'  code  (Erline  and  Kregel,  1990)  which  is  a 
two-dimensional  finite  element  model  employing  a  direct  transient 
analysis  approach.  Both  the  barrel  and  projectile  are  modeled 
utilizing  a  series  of  equally  spaced  cylindrical  elements,  nodes  of 
which  are  assigned  equivalent  mass  and  spring  stiffness  values. 
Inertial  forces  as  well  as  barrel  flexure  forces  can  then  be 
calculated  using  this  simplified  description.  Flexure  at  each  node 
is  approximated  by  a  second  order  difference  method  permitting 
bending  forces  to  be  computed.  In  addition  to  forces  produced  by 
flexure  of  the  barrel,  there  are  those  from  pressure  effects, 
mounting  characteristics  and  projectile/barrel  interactions.  The 
projectile  is  assumed  supported  in  the  tube  by  two  elastic  springs 
representing  the  sabots.  The  stiffness  of  the  springs  are  determined 
experimentally  (Lyon,  1992).  All  forces  are  integrated  by  a 
predictor-corrector  technique  stabilized  by  a  numerically  stiff 
ordinary  differential  equation  solver. 

In  its  application  to  hypervelocity  launch,  the  code  may  have  certain 
deficiencies.  First,  the  projectile  and  sabots  are  treated  as  a 
solid  body;  thus,  discontinuous  interfaces  between  various  components 
are  not  considered.  Under  severe  acceleration  loads,  large 
deformations  may  occur  and  this  approximation  will  no  longer  be 
valid.  In  addition,  the  code  assumes  linearly  elastic  behavior.  As 
will  be  seen  from  the  output,  this  assumption  is  not  unreasonable  as 
far  as  lateral  deformations  are  concerned.  High  longitudinal 
velocity  does  not  necessarily  translate  into  large  lateral 
deformation;  although,  the  associated  longitudinal  accelerations  may 
be  sufficient  to  move  the  bodies  into  the  plastic  regime. 


Fig.  2.  Interior  Ballistics  Velocity  Profiles 

'Little  Rascal'  reqn  ,-os  as  input  the  projectile  in-bore  velocity 
profile  which  is  n  o  define  position  along  the  tube  and  breech 
pressure  histories.  The  position  information  is  compared  with  a 
description  of  th  ■  oe  centerline  profile  to  define  variation  in 
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lateral  constraint,  while  the  breech  pressure  is  used  to  calculate 
the  weapon  recoil.  For  the  present  purposes,  the  pressure  can  be 
assumed  to  result  from  gas  generation  or  electromotive  forces.  It  is 
recognized  that  at  3500  ra/s  the  system  is  approaching  the  limit 
velocity  for  conventional  gas  expansion  systems  other  than  traveling 
charge  concepts.  A  similarity  approach  was  selected  to  describe  the 
velocity  profiles  over  the  range  of  interest.  The  known  interior 
ballistics  of  the  training  projectile  is  used  to  define  the  function, 
v/Vjji  =  f(x/L)  ,  and  expanded  for  different  muzzle  velocities.  Fig. 
(2).  Even  with  a  7. Ora  long  tube,  peak  breech  pressure  levels  for 
=  3500  m/s  reached  11,500  bar  while  the  maximum  projectile 

acceleration  was  165,000  g.  The  code  also  requires  a  centerline 
profile  of  the  gun  tube.  A  profile  was  created  for  the  current  tube 
by  repeating  the  pattern  of  manufacturing  irregularities  of  a 
production  120mm  tank  cannon  over  a  length  of  7.0m.  The  gun  tube  was 
supported  near  the  breech  with  two  bearings  separated  by  2.0m.  The 
mass  and  stiffnesses  of  the  gun  tube  nodes,  as  well  as  gun  tube  droop 
due  to  gravity,  are  calculated  by  Rascal  from  a  user  defined 
geometry.  For  the  7.0m  tube,  the  wall  thickness  was  defined  to  be 
the  same  for  all  cases  and  equal  to  that  required  to  survive  the 
highest  velocity  launch.  This  means  that  the  droop  under  gravity  is 
constant  for  all  cases. 

Calculations  were  made  at  500  m/s  intervals  over  the  velocity  range 
of  interest.  For  comparison  purposes,  the  dynamic  response  of  the 
forward  portion  of  the  projectile,  where  the  sabot  is  most  flexible, 
is  selected.  In  Fig.  (3),  the  lateral  motion  of  the  projectile  tip  is 
presented.  The  data  extend  from  shot  start  through  exit  of  the 
projectile  from  the  tube.  Clearly,  for  higher  velocities  the  in-bore 
residence  time  is  shorter.  Initially,  the  tip  is  quiescent;  however 
this  is  followed  by  a  build  up  of  displacement  as  the  projectile 
accelerates.  Surprisingly,  the  frequency  and  amplitude  of  the  tip 
motion  as  the  projectile  approaches  exit  does  not  vary  dramatically 
as  velocity  increases.  There  are  more  cycles  and  the  growth  of  the 
oscillation  is  more  gradual  for  the  lower  velocity  cases,  but  the 
final  states  are  remarkably  similar. 


Fig.  3.  Projectile  Tip  Motion 
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The  angular  orientation  of  the  projectile,  defined  as  the  angle 
between  the  center  of  the  projectile  at  the  front  and  rear  bore 
riding  surfaces,  is  presented  in  Fig.  (4).  The  angular  orientation 
is  dominated  by  the  gravity  droop  of  the  tank  cannon.  The  Rascal 
code  rotates  the  gun  tube  so  that  the  muzzle  of  the  cannon  has  zero 
slope  initially.  This  means  that  the  cannon  is  rotated  up  to  account 
for  gravity  droop.  The  plot  of  projectile  angle  reflects  this 
rotation  in  that  the  projectile  starts  with  an  angle  of  1.25 
milliradians  and  moves  toward  zero.  Superimposed  upon  this  large 
scale  variation  are  oscillations  of  a  significantly  higher  frequency. 


0  2  4  6  8  10  12 

Time  [msec] 

Fig.  4.  Projectile  In-Bore  Angular  Orientation 

These  are  better  observed  in  the  projectile  angular  velocity 
variations.  Fig.  (5).  In  all  cases,  the  angular  velocity  of  the 
projectile  varies  at  approximately  1.7  kHz  by  shot  exit.  Again,  the 
amplitude  is  similar  across  velocities.  For  the  highest  velocity 
cases,  a  negative  trend  for  the  mean  angular  velocity  is  observed 
reflecting  the  gravitational  curvature  of  the  gun  tube. 


0  2  4  6  8  10  12 

Time  [msec] 

Fig.  5.  Projectile  In-Bore  Angular  Velocity 
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In  sununary,  while  there  are  differences  in  the  transverse  response  of 
the  projectile  with  velocity,  none  appear  catastrophic  to  the 
structural  integrity  of  the  projectile  or  in  the  launch  conditions  at 
shot  exit.  This  must  be  caveated  with  the  fact  that  while  the  model 
has  been  validated  in  terms  of  its  ability  to  predict  gun  dynamics, 
no  data  were  available  describing  projectile  response. 

MUZZLE  BLAST 

Weapons  using  chemical  propulsion  such  as  traveling  charge  or 
electrothermal  chemical  systems  will  undoubtedly  generate  a  muzzle 
blast  flow.  On  the  other  hand,  the  discharge  at  the  muzzle  of 
electromagnetic  guns  will  vary  depending  upon  whether  it  is  a  rail 
gun  with  arc  or  armature  current  path  or  a  coil  gun.  Within  the 
scope  of  the  present  study,  the  analysis  is  limited  to  the  chemical 
systems . 

Two  distinct  flows  form  at  the  muzzle  of  a  gun  (Schmidt  and  Shear, 
1975) .  The  precursor  consists  of  air  and  leakage  propellant  gases 
ejected  from  the  tube  ahead  of  the  projectile,  while  the  propellant 
gas  flow  begins  when  the  obturator  clears  the  muzzle  and  releases  the 
high  pressure  propellant  gases.  The  relative  strength  of  the  two  is 
dependent  upon  the  design  of  the  gun  and  the  interior  ballistics  of 
the  round.  Typically,  the  propellant  gas  flow  is  dominant.  As  these 
gases  expand,  they  accelerate  to  velocities  greater  than  that  of  the 
projectile  so  that  the  round  initially  sees  a  relative  flow  from  the 
rear  rather  than  from  the  front.  As  the  gases  decelerate  through  a 
series  of  shock  waves,  the  projectile  passes  into  normal  forward  flow 
of  undisturbed  air. 

Methodology  has  been  developed  to  treat  the  muzzle  blast  loads  to  fin 
stabilized  projectiles  fired  at  ordnance  velocities  (Schmidt  et  al .  , 
1977) .  Essentially  thin  airfoil  theory  is  coupled  to  a  description 
of  the  propellant  gas  exhaust  flow  as  an  underexpanded  supersonic  jet 
plume  to  arrive  at  the  following  expression  for  trajectory  deflection 
due  to  muzzle  blast: 


which  again  is  valid  only  for  fin  stabilized  projectiles. 

Since  flare  stabilized  projectiles  present  a  bluff  base  to  the 
reverse  flow,  the  perturbation  due  to  muzzle  blast  should  be 
significantly  less  than  that  for  finners.  Exit  pressure  and  angle  of 
attack  are  taken  to  the  left  hand  side  of  Eq .  (1)  to  increase  the 
general  applicability  of  the  relationship.  The  terms  on  the  right 
hand  side  are  all  properties  of  the  projectile  and  its  launch 
velocity  or  Mach  number.  It  is  worth  noting  that  the  velocity 
squared  appears  in  the  denominator.  The  value  of  the  expression  in 
Eq.  (1)  is  plotted  over  the  range  of  velocities  of  interest  in  Fig. 
(6). 
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At  low  velocities,  the  perturbation  can  be  quite  large  because  there 
is  both  an  in-bore  and  out  of  bore  contribution  to  the  exit  process. 
As  velocity  increases,  the  magnitude  of  the  disturbance  decreases 
because  the  projectile  rapidly  moves  through  this  region.  A  broad 
minimum  occurs  at  between  800  and  1500  m/s  after  which  the 
disturbance  to  the  trajectory  begins  to  grow.  This  increase  is 
mainly  due  to  the  diminishing  effectiveness  of  the  fins  with 
increased  velocity,  a  subject  that  will  be  treated  in  more  detail  in 
a  subsequent  section.  A  peak  occurs  at  around  2000  ra/s  followed  by 
continued  decrease  with  increasing  velocity.  For  existing  tank 
cannon,  the  dispersion  in  point  of  impact  due  to  muzzle  blast  has 
been  shown  (Schmidt  et  al.,  1977)  to  be  an  order  of  magnitude  lower 
than  the  measured  system  dispersion.  It  is  to  be  expected  that  for 
hypervelocity  launch,  assuming  reasonable  levels  of  launch  angle  of 
attack  and  muzzle  pressure,  that  the  factor  of  two  growth  in  the 
trajectory  perturbation  factor  seen  in  Fig.  (6)  will  not  dramatically 
alter  this  conclusion. 


V  (m/s) 


Fig.  6.  Muzzle  Blast  Induced  Jump 

SABOT  DISCARD 

A  semi -empirical  model  of  the  sabot  discard  process  has  been 
developed  by  Siegelman,  et  al.  (1983).  It  estimates  both  the 
dynamics  of  the  sabots  and  the  resultant  mechanical  and  gasdynamic 
Impulse  imparted  to  the  projectile  by  the  discard  process.  To  start 
the  program,  initial  conditions  for  each  of  the  components  is 
required.  Kietzman,  et  al  (1992),  present  predictions  of  the  linear 
and  angular  velocity  of  sabot  components  following  launch  from  a 
120mm  cannon.  The  angular  velocity  varies  from  0  through  40  rad/s 
depending  upon  the  weapon  considered  and  the  relative  orientation  of 
the  sabot  component.  For  purposes  of  the  present  exercise,  it  is 
assumed  for  all  velocities  considered  that  one  sabot  component  has  a 
nose  up  pitch  rate  of  20  rad/s  while  the  other  two  components  have  a 
zero  rate. 
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The  resulting  sabot  induced  impulse  to  the  projectile  is  shown  in 
Fig.  (7)  for  the  fin  stabilized  case.  The  code  is  not  currently 
configured  to  treat  a  flare,  but  it  will  be  assumed  that  the  impulse 
is  roughly  equal  to  that  of  the  f inner.  The  impulse  is  seen  to 
increase  by  more  than  a  factor  of  two  with  velocity  from  1500  to  2000 
m/s,  after  which  it  continuously  decreases. 

Both  the  linear  and  angular  velocity  of  the  projectile  are  influenced 
by  sabot  discard.  The  magnitude  of  these  disturbances  to  the 
trajectory  of  the  round  are  shown  in  Fig.  (8).  For  a  fin  stabilized 
round,  the  effect  is  quite  significant  reaching  a  maximum  deflection 
of  nearly  0.9  mrad  at  around  2200  m/s.  Again  this  reflects  the 
decreasing  effectiveness  of  the  fins  at  hypersonic  conditions.  On 
the  other  hand,  the  flare  stabilized  design  shows  relatively  low 
sensitivity  to  sabot  discard,  reaching  a  maximum  deviation  of  0.15 
mrad  and  steadily  decaying  with  velocity  until  it  is  negligible  by 
3500  m/s. 


Fig.  8.  Total  Sabot  Impulse  Trajectory  Deflection 
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FREE  FLIGHT  AERODYNAMICS 

Two  free  flight  effects  are  considered,  first,  the  aerodynamic  jump 
(Murphy,  1963)  or  trajectory  deflection  associated  with  projectile 
yawing  motion  and,  second,  the  jump  due  to  an  initial  asymmetry 
(Murphy  and  Bradley,  1959).  In  order  to  evaluate  these  terms,  it  is 
necessary  to  establish  the  aerodynamic  characteristics  of  the 
projectiles.  The  PRODaS  code  (Whyte  and  Hathaway,  1991)  is  used  for 
this  purpose.  Based  on  a  combination  of  aerodynamic  theory  and 
experimental  data  for  projectiles  in  the  flight  regime  just  beginning 
to  approach  hypervelocity,  the  present  applications  at  velocities  up 
to  3500  m/s  may  be  stretching  its  capabilities  somewhat.  It  is  the 
intent  of  the  authors  to  test  the  code  against  a  series  of  firings 
scheduled  to  be  conducted  in  the  BRL  Aerodynamics  Range. 

The  aerodynamics  of  both  the  fin  and  flare  stabilized  designs  have 
been  computed  and  are  tabulated  below: 


Aerodynamic  Coefficients 
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9.  Predicted 

Retardation 

A  few  points  should  be  made  regarding  this  table.  First,  the  drag 
coefficient  of  the  f inner  is  significantly  lower  than  for  the  flare. 
This  behavior  is  reflected  in  a  more  practical  parameter,  the 
retardation.  Fig.  (9).  Evaluated  as  the  decrease  in  velocity  in  m/s 
per  kilometer  of  range,  it  is  seen  that  as  velocity  increases  the 
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flare  has  roughly  three  times  the  retardation  of  the  f inner. 
Obviously,  the  designer  has  the  option  of  altering  the  flare  angle  to 
control  the  magnitude  of  retardation  in  accordance  with  the  mission 
requirements  imposed  on  the  round.  For  the  present  study,  there  was 
no  defined  mission  so  no  changes  were  made. 

A  second  point  is  the  behavior  of  the  moment  coefficient  0^^^.  While 
the  flare  shows  little  variation  in  this  coefficient,  there  is  a 
strong  decrease  in  its  value  with  Mach  number  for  the  f inner.  As  the 
rounds  are  statically  stable,  large  negative  values  of  the  moment 
coefficient  are  desirable.  For  fins,  as  the  Mach  number  increases 
there  effectiveness  decreases  nearly  linearly:  whereas,  the  flare 
retains  constant  behavior  (normal  force  coefficient  of  a  cone 
approaches  2.0  as  Mach  number  increases).  This  loss  of  static  margin 
for  the  fin  stabilized  design  has  been  reflected  in  the  sensitivity 
to  muzzle  blast  and  sabot  discard  impulses  described  previously  and 
will  be  seen  again  in  this  section. 


The  aerodynamic  jt-unp  of  a  projectile  represents  the  response  of  the 
trajectory  to  yawing  motion.  Essentially  the  coupling  between  yaw 
motion  and  linear  motion  is  associated  with  the  lift  force  generated 
as  the  projectile  yaws.  The  expression  (Murphy,  1963)  for  the 
trajectory  deflection  is: 


[2] 


the  behavior  of  the  terms  multiplying  the  angular  rate  on  the  left 
hand  side  of  Eq.  (2)  is  shown  in  Fig.  (10).  As  velocity  increases, 
the  fin  stabilized  design  becomes  more  sensitive;  whereas,  the  flare 
sensitivity  continually  decays. 


V  (m/s) 


Fig.  10.  Predicted  Aerodynamic  Jump  Coefficient 

Aerodynamic  or  inertial  asymmetry  can  also  cause  deviation  from  the 
desired  trajectory.  Murphy  and  Bradley  (1959)  give  the  jump  due  to 
aerodynamic  asymmetry  which,  for  the  case  of  a  round  launched  at  a 
spin  rate  equal  to  its  steady  state  spin,  can  be  expressed  as; 
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The  terms  on  the  right  hand  side  that  vary  with  velocity  are 
contained  within  the  brackets.  These  are  taken  to  be  the  asymmetric 
jump  coefficient,  and  are  plotted  in  Fig.  (11).  Again  it  is  seen 
that  the  behavior  of  the  flare  is  quite  benign  remaining  essentially 
unchanged  with  increasing  velocity.  In  contrast,  the  fin  stabilized 
design  shows  increasing  sensitivity  past  a  velocity  of  1700  m/s. 


r 


0  500  1000  oOO  200C  250C  3000  3500 

V  (m/s) 

Fig.  11.  Asymmetry  Induced  Jump 


SUMMARY  AND  CONCLUSIONS 


While  it  was  expected  that  increasing  launch  velocity  would  produce 
substantial  growth  in  launch  disturbances,  available  analytic 
techniques  did  not  predict  such  an  occurrence.  Lateral  in-bore 
dynamics  were  computed  to  be  remarkably  unchanged  as  velocity  grew. 
The  influence  of  muzzle  blast  (for  those  launchers  where  muzzle  blast 
is  generated)  was  greater  at  higher  velocities,  but  not  enough  to 
make  it  a  major  contributor  to  overall  dispersion.  Both  fin  and 
flare  stabilization  were  considered,  and  it  was  shown  that  fin 
effectiveness  degraded  as  velocity  increased.  This  resulted  in 
enhanced  sensitivity  to  sabot  discard,  aerodynamic  jump,  and 
asymmetry  for  the  finners.  However,  the  flare  stabilized  design  had 
stable  aerodynamic  properties  as  velocity  increased  and  did  not  show 
marked  sensitivity  to  any  of  the  aforementioned  perturbations.  The 
flare  did  have  higher  retardation  than  the  finner  making 
consideration  of  a  balance  between  stability  and  drag  something  the 
designer  must  consider. 
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ABSTRACT 


A  variety  of  space  environmental  effects  can  be  studied  on  many  experiments  having  been  exposed  on  the 
LDEF-satellite. 

Among  others  the  thermal  blankets  of  the  Ultra-Heavy  Cosmic  Ray  Nuclei  Experiment  ("UHCRE",  Exp. 
A0178)  displayed  many  micrometeoroid  /  space  debris  impact  features. 

In  an  effort  to  understand  their  nature  and  characteristics,  an  experimental  impact  simulation  program  has  been 
carried  out. 

UHCRE-spare  foils  have  been  impacted  by  glass,  aluminium,  and  iron  projectiles  with  masses  ranging  from 
about  30  nanograms  up  to  several  milligrams.  Impact  velocities  range  between  about  3  km/s  and  13  km/s. 

Characteristic  impact  craters  and  perforation  holes  have  been  produced.  Their  sizes  and  morphologies  have 
been  related  with  respective  projectile  impact  parameters. 

"Halo  zones"  around  perforation  holes,  as  they  had  been  observed  in  the  exposed  LDEF-foils,  have  also  been 
obtained  experimentally.  They  were  found  to  be  delamination  effects  within  the  foil  layers  caused  by  the 
propagation  of  impact  shock  waves. 


°  LDEF  =  Long  Duration  Exposure  Facility 


INTRODUCTION 

Most  of  the  experiments  having  been  exposed  to  the  space  environment  for  about  68  months  during  the 
LDEF-mission,  offer  the  opportunity  to  study  micrometeoroid  and  orbital  debris  impact  features. 

Sixteen  LDEF-trays  had  been  devoted  to  an  Ultra  Heavy  Cosmic  Ray  Nuclei  Experiment  (UHCRE)  run  by 
ESA/ESTEC,  Noordwijk,  Netherlands,  in  cooperation  with  the  Dublin  Institute  for  Advanced  Studies,  Dublin, 
Ireland.  Impact  crater  statistics  are  presently  performed  on  the  thermal  blankets,  which  had  covered  the  trays. 
A  variety  of  impact  features  (e.g.  secondary  impacts,  oblique  impacts,  perforation  holes,  "halo-zones"  around 
impact  sites  etc.)  has  been  detected  on  such  exposure  areas. 

In  a  cooperation  between  the  Lehrstuhl  fiir  Raumfahrttechnik  of  the  Technical  University,  Munich,  and  the 
Ernst-Mach-Institut,  Freiburg/Br.  an  experimental  simulation  program  has  been  establish^  under  an  ESA- 
contract,  in  order  to  study  such  impact  phenomena  in  thermal  blanket  spare  foils,  and  to  relate  the  morphology 
of  impact  features  with  projectile  parameters. 
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EXPERIMENTS  AND  RESULTS 

The  experiments  have  been  performed  using  the  electromagnetic  plasma  accelerator  of  the  Technical 
University  Munich  (TUM)  and  the  light  gas  guns  of  the  Emst-Mach-Institut  (EMI).  Facility  descriptions  and 
operation  principles  are  given  by  Hudepohl  et  al.  (1989)  and  for  example  by  Stilp  (1987),  respectively. 

The  two  accelerator  facilities  have  different  projectile  mass  and  velocity  ranges  The  TUM  plasma  gun 
accelerates  effectively  glass  particles  with  masses  between  10"'*^  g  and  10'*  g  with  a  velocity  range  of  2  km/s 
<  V  <  18  km/s.  The  projectile  mass  range  of  the  light  gas  guns  used  was  from  ng  to  g,  with  velocities  of  up 
to  10  km/s.  In  both  facilities  individual  particles  can  be  accelerated  and  their  velocities  can  be  determined  with 
high  accuracy  (error  <  1  %). 

The  foil  targets  (UHCRE  thermal  blanket  spare  samples)  are  laminates  consisting  of  a  substrate  of  black  paint 
(Chemglaze  Z306),  layers  of  inconel  and  silver,  covered  by  a  layer  of  Teflon  (FEP).  The  respective 
thicknesses  ^re  g'ven  in  the  sample  cross  section  of  Fig.l.  The  total  thickness  varied  locally  between  180^im 
and  200  /xm  since  the  thickness  of  the  paint  substrate  was  not  sufficiently  constant. 

Former  foil  penetration  experiments  using  plastic  and  aluminum  foil  targets  have  already  been  performed  by 
Pailer  and  Griin  (1979).  Their  foils,  however,  have  been  very  thin  (order  of  several  urn)  compared  to  the 
UHCRE  thermal  blanket  foil. 

Impact  calibration  experiments  of  the  SOLAR  MAX  thermal  blanket  have  been  reported  by  Frisch  et  al. 
(1990).  The  configuration  of  this  blanket  is  also  completely  different  from  the  UHCRE  foil  samples. 

The  experiments  performed  during  the  first  phase  of  this  program  were  direct  (primary)  impacts  at  normal 
incidence. 
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Fig.  1,  Cross  section  of  UHCRE  thermal  blanket.  Fig.  2.  Characteristic  impact  features  observed 

in  UHCRE-foils. 

The  principal  characteristics  observed  at  the  impact  features  produced  are  indicated  in  the  sketch  of  Fig. 2. 
(applicable  for  perforation  holes  as  well):  A  central  crater  pit,  or  a  perforation  hole  with  a  bulged  crater  rim, 
typical  for  hypervelocity  impact,  is  formed.  Starting  from  the  cratei  rim,  a  shock  induced  system  of  radial  and 
concentric  cracks  is  produced  within  the  Teflon  layer.  In  nearly  all  cases  also  relatively  large  concentric 


Fig.  3.  Impact  crater  with  "halo”  (delamination  zone). 
Projectile:  48  ftm  glass  sphere  at  6.0  km/s. 
(TUM  Experiment) 
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"halo"  zones  are  observed  around  the  craters  or  perforation  holes,  which  are  due  to  delamination  of  the  silver 
and  Teflon  layers.  This  delamination  is  very  probably  caused  by  a  circular  shock  wave  propagating  into  the 
target  foil.  Tlie  borderline  of  this  delamination  zone  is  marked  by  a  very  sharp  and  very  regular  ring. 
Sometimes  this  ring  is  only  weakly  visible,  sometimes  it  is  developed  as  a  whole  system  of  concentric  rings. 
Figs.  3,4, and  5  present  photos  of  craters  and  perforation  holes  which  demonstrate  these  effects  very  nicely. 
Respective  impact  parameters  are  given  in  the  figure  captions. 
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Fig.  4.  Perforation  hole  with  "halo”  (delamination  zone). 
Projecti'  ■  350  nm  steel  sphere  at  3.2  km/s. 

(EMI  Ea  icriment) 


2  mm 


Fig.  5.  Perforation  hole  with  "multi-ring  halo". 

Projectile:  1  mm  glass  sphere  at  7.8  km/s. 
(EMI  Experiment) 


Table  1  summarizes  the  impact  experiments  and  results  performed  at  the  TUM  plasma  accelerator.  The 
projectiles  were  glass  spheres  with  a  material  density  of  2.5  g/cm^.  Their  masses  and  velocities  were  well 
defined.  With  one  exception  the  impacts  did  not  perforate  the  target  foil  and  the  respective  craters  can  be 
considered  as  being  formed  in  a  semi-infinite  laminated  target.  Only  the  impact  with  a  velocity  of  12.6  km/s 
just  perforated  the  foil.  From  the  morphology,  however,  it  ranges  very  close  to  the  ballistic  limit  parameters. 
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Table  1;  Experiments  performed  at  TUM. 

In  Fig.6  the  hole  diameter  D  normalized  by  the  particle  diameter  d  is  plotted  versus  the  impact  velocity  v  A 
best  fit  approximation  of  the  data  yields  (Levadou  et  al.,  1991); 

D/d  =  0.78  vO-667 

Despite  the  considerable  scatter  of  the  data,  which  is  mainly  due  to  target  foil  inhomogeinities  and  thickness 
variations  of  individual  layers,  the  fit  is  in  accordance  with  the  fact  that  the  crater  volume  is  proportional  to  the 
kinetic  projectile  energy,  which  implies  a  D/d  =  -  dependence. 


I  -  D/d  =  0.78  •  *  Platma  gun 


Fig.  6.  Normalized  crater  diameter  vs.  impact  velocity  for  the 
TUM  experiments. 


In  table  2  the  experiments  and  results  obtained  at  EMI  are  listed  in  a  similar  way.  Glass  spheres  (density  2.5 
g/cm^),  Al-spheres  (density  2.7  g/cm^),  and  Fe-spheres  (density  7.85  g/cm^)  have  been  used  as  projectiles. 
Due  to  the  higher  projectile  mass  range,  all  impacts  resulted  in  perforations  of  the  target  foil.  Fig.7  shows  a 
D/d-vs.-v-diagram  of  all  impacts  performed.  In  the  diagram  of  Fig. 8  the  D/d-values  of  glass  and  Al-projectiles 
which  are  comperable  in  density  are  plotted  together  with  the  best  fit  curve  of  the  TUM  semi-infinite  results. 
All  D/d-values  range  below  the  curve  for  semi-infinite  penetration,  where  the  total  kinetic  projectile  energy  is 
dissipated  in  the  cratering  process.  In  the  case  of  perforation  the  energy  partition  within  the  target  foil  depends 
on  the  projectile  parameters.  The  further  the  impact  parameters  range  beyond  the  ballistic  limit  conditions,  the 
smaller  is  the  portion  of  energy  which  is  used  for  the  penetration  and  hole  formation  process,  and  the  higher 
remains  the  residual  energy  of  the  projectile.  Similar  results  are  reported  by  Horz  et  al.  (1992)  for  Aluminum 
foil  perforations.  Thus  the  deviation  of  the  D/d-values  from  the  semi-infinite  curve  represents  a  measure  of 
how  far  the  impact  parameters  range  below  the  ballistic  limit.  In  the  diagram  of  Fig. 9  fh- .  behavior  is  also 
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Projectile 

Hole  diam. 

Halo  diam. 

Mat. 

Dlam. 

Mass 

Speed 

[Atm] 

[mg] 

[km/s] 

[/rm] 

[mm] 

Steel 

500 

0.514 

5-2 

915 

4.5 

Steel 

350 

0-176 

4.9 

724 

3.9 

Steel 

1000 

4.11 

5.4 

1510 

5.9 

Steel 

500 

0.514 

3.3 

836 

4.2 

Steel 

1000 

4.11 

2.9 

1335 

5.2 

Steel 

350 

0.176 

3.2 

541 

3.6 

Steel 

1000 

4.11 

5.5 

1614 

6.2 

Steel 

350 

0-176 

7.9 

660 

1.4 

A1 

900 

1.03 

5.4 

1743 

6.3 

A1 

900 

1.03 

2.8 

1400 

5-3 

A1 

900 

1.03 

8-5 

1940 

6.5 

Glass 

1000 

1.36 

5.1 

1560 

6.1 

Glass 

500 

0.170 

4.6 

984 

4.7 

Glass 

1000 

1.36 

2.9 

1250 

5.2 

Glass 

500 

0.170 

2.9 

748 

4.0 

Glass 

350 

0.054 

2-9 

376 

2.3 

Glass 

1000 

1-36 

7-8 

1600 

4.2 

Glass 
_ 1 

500 

0.170 

7.0 

1300 

3.8 

Table  2:  Experiments  performed  at  EMI. 

demonstrated  by  plotting  the  area  of  the  perforation  hole  F  versus  the  kinetic  projectile  energy  E.  respite  of 
the  considerable  scatter  of  the  data,  it  becomes  obvious,  that  only  for  low  energies,  close  to  the  ballistic  limit 
conditions,  the  hole  area  which  represents  also  the  perforated  volume,  increases  linearly  with  the  kinetic 
energy. 
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Fig.  7.  Normalized  perforation  hole  diameter  vs.  impact  velocity  of  all  EMI  experiments. 


DISCUSSION 

The  results  obtained  show  that  impact  features  on  LDEF-samples  can  be  well  simulated  experimentally. 

For  impact  craters,  quantitative  relations  between  crater  and  projectile  parameters  can  be  established,  whereas 
for  perforation  holes  unambiguous  relations  are  only  possible  in  favourable  cases.  To  a  certain  extent, 
conclusions  on  the  impact  velocity  can  be  drawn  from  morphological  evidence. 

No  systematic  dependencies  between  dimensions  of  the  so-called  "halo-zones"  and  other  impact  parameters 
have  been  found.  The  occurence  and  nature  of  these  delamination  zones,  especially  the  development  of  multi¬ 
ring  systems  is  not  yet  understood.  Additional  experiments  are  necessary  to  study  these  effects  in  a  more 
systematic  way. 
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Fig.  8.  Normalized  perforation  hole  diameter  vs.  impact  velocity 
for  glass  and  Al-projectiles. 
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Fig.  9.  Perforation  hole  area  plotted  vs.  kinetic  projectile  energy. 


There  might  be  degradation  effects  (e.g.  radiation,  atomic  oxygen  etc.)  causing  changes  in  the  material 
behaviour  of  space-exposed  thermal  blanket  foils,  which  could  result  in  different  crater/hole  characteristics. 
Therefore,  it  would  be  interesting  to  perform  some  comparative  experiments  on  exposed  foils. 

Also  oblique  and  secondary  impacts  should  be  simulated. 
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ABSTRACT 

Traditional  perforation-resistant  wall  design  for  long-duration  spacecraft  consists  of  a 
'bumper'  that  is  placed  at  a  small  distance  away  from  the  main  'pressure  wall'  of  a  spacecraft 
compartment  or  module.  This  concept  has  been  studied  extensively  in  the  last  four  decades  as 
a  means  of  reducing  the  perforation  threat  of  hypervelocity  projectiles  such  as  meteoroids  and 
orbital  debris.  If  a  dual-wall  system  is  employed  on  an  earth-orbiting  spacecraft,  then  a  bi¬ 
axial  stress  field  will  be  induced  within  the  pressure  wall  of  the  dual -wall  system  due  to  the 
pressurization  of  the  spacecraft.  Unfortunately,  little  or  no  attempt  has  been  made  to 
include  the  effects  of  this  low-level  internal  stress  field  in  the  study  of  the  perforation 
resistance  of  dual-wall  structural  systems.  This  paper  presents  the  results  of  an  experimen¬ 
tal  study  in  which  aluminum  dual-wall  structures  were  tested  under  a  variety  of  high-speed 
impact  conditions  in  an  attempt  to  quantify  the  effect  of  an  internal  pressure  wall  stress 
field  on  perforation  resistance.  A  test-by-test  comparative  analysis  of  the  damage  sustained 
by  similar  dual -wall  systems  with  stressed  and  unstressed  pressure  wall  plates  under  similar 
impact  loading  conditions  revealed  that  the  internal  pressure  wall  stress  field  had  a  negli¬ 
gible  effect  on  the  ballistic  limit  of  the  dual-wall  structures  considered.  However,  the 
internal  stress  field  did  have  a  significant  effect  on  the  extent  of  the  damage  sustained  by 
the  pressure  wall. 


INTRODUCTION 

The  design  of  a  spacecraft  for  a  long-duration  earth-orbiting  mission  must  take  into  account 
the  possibility  of  high-speed  orbital  debris  particle  impacts  and  their  effects  on  the  space¬ 
craft  and  on  all  of  its  exposed  subsystem  components.  To  prevent  mission  failure  and  possibly 
loss  of  life,  protection  against  perforation  by  such  high-speed  impacts  must  be  included. 
Traditional  perforation-resistant  wall  design  for  long-duration  spacecraft  consists  of  a 
'bumper'  that  is  placed  at  a  small  distance  away  from  the  main  'pressure  wall'  of  the  space¬ 
craft  compartment  or  module.  This  concept  was  first  proposed  by  Whipple  (1947)  and  has  been 
studied  extensively  in  the  last  four  decades  as  a  means  of  reducing  the  perforation  threat  of 
hypervelocity  projectiles  such  as  meteoroids  and  orbital  debris  particles  (see,  e.g.,  Wallace 
et .  al . ,  1962;  Maiden  and  McMillan,  1964;  Lundeberg  et . al . .  1966;  Riney  and  Halda,  1968;  Sawle, 
1970;  Coronado  et . al . ,  1987;  Schonberg  et .al . ,  1991).  Dual-wall  configurations  were  repeatedly 
shown  to  provide  significant  increases  in  protection  against  perforation  by  high-speed  pro¬ 
jectiles  over  equivalent  single-wall  structures. 

If  a  dual-wall  system  is  used  on  a  habitable  earth-orbiting  spacecraft  or  module,  then  a  low- 
level  bi-axial  stress  field  will  exist  within  the  pressure  wall  of  the  dual-wall  system  due  to 
the  internal  spacecraft  or  module  pressure.  Unfortunately,  little  or  no  attempt  has  been  made 
to  study  the  effect  of  this  pressure  wall  stress  field,  whether  beneficial,  negligible,  or 
detrimental,  on  the  perforation  resistance  of  dual-wall  structures.  It  is  unclear,  therefore, 
as  to  whether  or  not  the  high-speed  impact  test  results  obtained  using  dual -wall  structures 
with  unstressed  pressure  walls  can  be  used  to  predict  the  response  of  actual  dual -wall  struc¬ 
tures  in  which  such  internal  stress  fields  are  certain  to  exist. 

This  paper  presents  the  results  of  an  experimental  study  in  which  aluminum  dual-wall  struc¬ 
tures  were  tested  under  a  variety  of  high-speed  impact  conditions.  The  objectives  of  this 
study  were  to  1)  quantify  the  effect  of  an  internal  pressure  wall  stress  field  on  perforation 
resistance,  and  2)  determine  the  extent,  if  any,  that  high-speed  impact  response  charac¬ 
teristics  of  dual -wall  systems  with  unstressed  pressure  wall  plates  could  be  used  to  predict 
the  impact  response  of  dual -wall  systems  in  which  internal  pressure  wall  stress  fields  would 
develop.  These  objectives  were  realized  through  a  comparative  analysis  of  the  damage  sus¬ 
tained  by  geometrically  similar  dual-wall  systems  with  ofessed  and  unstressed  pressure  wall 
plates  caused  by  projectiles  with  similar  impact  energies.  The  analysis  focused  on  a  test-by- 
test  comparison  of  dual-wall  system  response  and  a  comparison  of  the  ballistic  limit  curves  of 
the  dual -wall  systems. 
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HYPERVELOCITY  IMPACT  RESPONSE  OF  DUAL-WALL  STRUCTURES 

Consider  the  hypervelocity  impact  of  a  dual-wall  structure  by  a  spherical  projectile  of 
diameter  d  traveling  at  velocity  V.  Figure  1  shows  an  oblique  impact  of  such  a  system.  The 
projectile  initially  collides  with  the  protective  buaiper  (thickness  t  ),  which  is  usually  a 
relatively  thin  layer  of  material  placed  at  a  small  distance  S  in  front  of  the  pressure  wall 
(thickness  t  )  of  the  stuctural  system.  The  bumper  plate  protects  the  pressure  wall  plate 
against  perforation  by  disintegrating  the  impacting  particle  and  by  creating  one  or  more 
diffuse  debris  clouds.  These  debris  clouds,  which  consist  of  projectile  and  bumper  plate 
fragments,  travel  towards  and  eventually  impact  the  pressure  wall  plate.  However,  the  impacts 
of  these  debris  clouds  impart  a  significantly  lower  impulsive  loading  to  the  pressure  wall 
than  would  an  intact  projectile.  The  area  over  which  the  impulsive  loading  of  the  debris 
clouds  is  distributed  is  governed  by  the  manner  in  which  the  projectile  and  bumper  plate 
fragment,  melt,  or  vaporize,  and  by  the  spacing  between  the  bumper  plate  and  the  pressure  wall 
plate.  Occasionally,  the  impact  of  the  debris  clouds  result  in  rarefaction  stresses  near  the 
rear  surface  of  the  pressure  wall  plate  that  exceed  the  dynamic  tensile  fracture  strength  of 
the  pressure  wall  material.  In  these  cases,  spall  fragments  are  ejected  at  high  velocities 
from  the  rear  side  of  the  pressure  wall  plate. 

In  an  oblique  impact,  the  hole  in  the  bumper  plate  is  elliptical,  with  the  elongation  in  the 
direction  of  the  original  projectile  trajectory.  In  such  impacts,  two  distinct  debris  clouds 
are  often  formed:  the  'normal'  and  'in-line'  debris  clouds.  It  is  hypothesized  that  the 
'normal'  debris  cloud  contains  mainly  bumper  plate  fragments  while  the  'in-line'  debris  cloud 
contains  mainly  projectile  fragments  (Burch,  1967).  The  impact  of  these  debris  clouds  on  the 
pressure  wall  creates  'normal'  and  'in-line'  damage  areas  A„  and  ■  respectively  (Figure 
1).  Analogously,  A^j^  and  A^^  Figure  1  refer  to  'normal"  and  'in-line'  areas  of  rear-side 
spallation.  In  a  normal  impact,  the  bumper  plate  hole  is  circular,  and  only  one  debris  cloud 
containing  both  projectile  and  bumper  plate  fragments  is  evident.  The  collision  of  this 
debris  cloud  with  the  pressure  wall  creates  a  single  area  of  crater  damage  A^,  and,  occasion¬ 
ally,  an  area  of  rear  surface  spall  A^ . 

HYPERVELOCITY  IMPACT  TEST  PARAMETERS 


The  high-speed  impact  tests  that  generated  the  data  for  this  study  were  performed  at  the  Space 
Debris  Simulation  Facility  at  the  NASA/Marshall  Space  Flight  Center  (Taylor,  1987).  The 
facility  consists  of  an  instrumented  two-stage  light  gas  gun  capable  of  launching  2.5  mm  to 
12.7  mm  projectiles  at  velocities  of  2  to  8  km/sec.  Projectile  velocity  measurements  were 
accomplished  via  pulsed  X-ray,  laser  diode  detectors,  and  a  Hall  photographic  station. 

The  conditions  of  impact  in  the  experimental  tests  were  chosen  to  simulate  orbital  debris 
impact  of  light-weight  space  structures  as  closely  as  possible,  and  still  remain  within  the 
realm  of  experimental  feasibility.  Kessler  et.al.  (1988)  state  that  the  average  ra^ss  density 
for  pieces  of  orbital  debris  less  than  10  mm  in  diameter  is  approximately  2.8  gm/cm  ,  which  is 
similar  to  that  of  aluminum.  Therefore,  the  projectiles  used  in  the  test  program  were  alumi¬ 
num  1100-0  spheres  with  diameters  ranging  from  0.975  cm  to  0.953  cm.  Although  the  shape  of  an 
impacting  projectile  will  affect  the  formation  and  spread  of  the  debris  cloud(s)  formed  in  a 
high-speed  impact  (Morrison,  1972;  Schonberg,  1992),  spherical  projectiles  were  used  in  the 
test  program  to  maintain  repeatability  and  consistency.  The  projectiles  were  launched  at 
velocities  ranging  from  2.02  km/sec  to  7.29  km/sec.  To  determine  whether  or  not  the  effects 
of  internal  pressure  wall  stress  fields  were  dependent  on  projectile  trajectory  obliquity,  the 
tests  were  performed  at  two  different  trajectory  obliquities;  0°  and  95°,  The  bumper  plates 
in  the  dual-wall  systems  were  all  made  from  aluminum  6061-T6  and  were  all  1.6  mm  thick;  the 
pressure  wall  plates  in  all  of  the  systems  were  made  from  aluminum  2219-T87,  were  3.175  mm 
thick,  and  were  separated  from  the  bumper  plates  by  a  constant  distance  of  10.16  cm.  Detailed 
test  parameters  for  systems  with  unstressed  and  stressed  pressure  wall  plates  may  be  found  in 
Tables  1  and  2,  respectively. 

To  simulate  the  presence  of  thermal  insulation  within  the  structural  systems,  the  tests  were 
performed  with  MLI  (multi-layer  insulation)  resting  on  the  pressure  wall  plate.  The  MLI 
consisted  of  30  layers  of  0.5  mil  Kapton  aluminized  on  one  side  and  29  layers  of  Dacron  mesh, 
one  layer  between  each  Kapton  layer.  Additionally,  1  layer  of  beta-cloth  (coated  s-glass)  was 
added  to  the  side  nearest  the  bumper  plate  for  durability.  The  areal  density  of  this  combina¬ 
tion  was  calculated  to  be  approximately  0.107  gm/cm^  (Coronado  et.al.  ,  1987).  It  is  noted 
that  the  MLI  was  taped  on  to  the  pressure  wall  plate  without  being  pulled  taut.  This  enabled 
the  layers  within  the  MLI  to  act  individually  and  not  as  a  single  layer.  In  an  actual  design 
application,  this  method  of  MLI  installation  would  allow  the  MLI  to  deliver  maximum  thermal 
and  ballistic  protection. 

To  study  the  effect  of  an  internal  pressure  wall  stress  field  on  the  perforation  resistance  of 
a  dual-wall  system  under  hypervelocity  impact,  two  pressure  wall  stress  states  were  consid¬ 
ered;  unstressed  and  bi-axially  stressed.  The  testing  performed  using  unstressed  pressure 
wall  plates  provided  baseline  response  characteristics.  The  bi -axial  stress  state  was  induced 
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in  the  pressure  walls  of  the  stressed  systems  by  applying  distributed  tensile  loads  to  the 
pressure  wall  plates.  The  magnitudes  of  the  tensile  loads  were  calculated  using  the  equations 
for  the  bi-axial  stress  distribution  in  a  thin  cylindrical  shell: 

-  pr/t  . . .  hoop  stress  (1) 

-  pr/2t  . . .  longitudinal  stress  (2) 

where  r  is  the  cylindrical  shell  radius,  t  is  the  shell  wall  thickness,  and  p  is  the  outward¬ 
ly-directed  internal  pressure  (Ugural,  1981).  For  the  purposes  "f  this  study,  r-2.13  m, 
t=3.175  mm,  and  p-1  atm  (approx.  101.4  Pa).  In  this  manner,  the  bi-axial  stress  state  con¬ 
sidered  in  this  study  was  an  approximation  of  the  state  of  stress  that  can  be  expected  to 
exist  within  the  module  walls  of  the  Space  Station  Freedom.  In  the  remainder  of  this  paper, 
the  phrases  'stressed  system'  and  'unstressed  system'  refer  to  dual-wall  systems  with  bi- 
axially  stressed  and  unstressed  pressure  wall  plates. 

A  total  of  32  high-speed  Impact  tests  were  performed  during  the  course  of  this  investigation. 
The  results  of  the  normal  and  oblique  impact  tests  are  presented  in  Tables  3  and  4,  respec¬ 
tively.  In  Tables  3  and  4,  impact  tests  are  grouped  in  pairs  according  to  similar  impact 

energy  and  geometry.  An  entry  of  ' - '  in  these  Tables  indicates  that  a  certain  event,  such 

as  perforation,  petalling,  or  spallation,  did  not  occur.  Additionally,  in  Table  3  (ie.  for 
normal  impacts) ,  D  and  d,  are  the  diameter  of  the  hole  in  the  bumper  plate  and  the  equivalent 
single  hole  diameter  of  all  the  holes  in  a  perforated  pressure  wall  plate,  respectively.  For 
oblique  impacts  (Table  4),  a  %l'*Hi2  minimum,  maximum  bumper  plate  hole 
dimensions  and  the  equivalent”''singTI’Siole  diameters  for  the  'normal',  'in-line'  pressure  wall 
plate  damage  areas,  respectively.  When  an  impact  test  resulted  in  a  pressure  wall  perforation 
that  was  accompanied  by  petalling  of  the  pressure  wall  material,  the  equivalent  pressure  wall 
hole  diameter  was  calculated  using  the  equation 

dj,  -  ((4/)r)Aj^l^'^^  (3) 

where  A^  is  the  area  of  the  smallest  ellipse  (or  circle)  that  could  have  been  placed  over  the 
perforated  region  of  the  pressure  wall  and  enclose  all  of  the  petals.  In  Tables  3  and  4,  L 
is  the  length  of  the  longest  pressure  wall  plate  petal  in  the  event  that  petal  formatioR 
accompanied  pressure  wall  perforation. 

Figures  2  and  5  present  ballistic  limit  curves  for  the  stressed  and  unstressed  systems  consid¬ 
ered  in  this  investigation  for  normal  and  459  trajectory  obliquities,  respectively.  It  is 
noted  that  in  Figures  2  and  5,  the  lines  shown  are  merely  lines  of  demarcation  between  projec¬ 
tile  velocity-diameter  combinations  that  did  (below)  or  did  not  (above)  result  in  pressure 
wall  perforation.  Finally,  Figures  3  and  4  depict  typical  damaged  pressure  wall  plates  under 
normal  hypervelocity  impact.  These  figures  highlight  some  of  the  similarities  and  differences 
between  stressed  and  unstressed  pressure  wall  response. 

A  comparison  of  the  impact  test  results  presented  in  Table  3,4  and  visual  inspection  of  the 
damaged  pressure  wall  plates  revealed  many  interesting  hypervelocity  impact  response  similari¬ 
ties  and  differences  for  stressed  and  unstressed  dual-wall  systems.  These  results  are  discus¬ 
sed  in  detail  in  the  next  section,  first  for  normal  impacts  and  then  for  oblique  impacts. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 
Normal  Impact 


In  all  but  one  pair  of  tests,  the  presence  of  the  internal  bi-axial  stress  state  did  not 
affect  whether  or  not  the  pressure  wall  was  perforated:  if  the  pressure  wall  of  an  unstressed 
system  was  perforated,  so  was  that  of  a  stressed  system,  and  vice  versa  (Table  3).  This 
similarity  in  response  is  further  borne  out  in  Figure  2,  which  shows  the  ballistic  limit 
curves  for  the  stressed  and  unstressed  dual-wall  systems  under  normal  impact.  The  curve  for 
the  stressed  system  was  virtually  identical  from  that  for  the  unstressed  system;  hence,  only 
one  line  is  given  in  Figure  2.  The  difference  in  response  between  tests  FP12  (stressed,  not 
perforated)  and  MD-TA  (unstressed,  perforated)  is  probably  due  to  the  fact  that  the  bumper 
plate  hole  in  the  unstressed  test  was  nearly  30X  larger  than  that  in  the  stressed  test. 
Hence,  the  mass  content  of  the  debris  cloud  in  the  unstressed  system  test  was  considerably 
higher  than  that  of  the  debris  cloud  in  the  test  of  the  stressed  system.  As  a  result,  the 
debris  cloud  in  test  MD-TA  was  able  to  inflict  more  damage  to  the  pressure  wall  plate  than  the 
less  massive  debris  cloud  in  test  FP12. 

Interestingly  enough,  when  pressure  wall  perforation  occurred  in  corresponding  stressed  and 
unstressed  systems,  the  equivalent  diameters  of  the  holes  in  the  stressed  pressure  wall  plates 
were  very  similar  to  those  in  the  unstressed  plates  (Table  3).  On  average,  the  equivalent 
single  hole  diameters  in  perforated  stressed  and  unstressed  pressure  wall  plates  were  within 
5X  of  each  other,  with  a  standard  deviation  of  16X.  However,  the  similarity  of  the  equivalent 
hole  diameters  Is  deceptive,  especially  at  high  impact  energies.  VJhen  the  Impact  energy  was 
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less  than  10,000  joules,  the  holes  in  both  types  of  pressure  wall  plates  (stressed  and  un- 
stressed)  were  similar  in  size  and  approximately  circular.  As  the  impact  energy  was  increased 
above  10,000  joules,  pressure  wall  perforation  began  to  be  accompanied  by  petal  formation. 
For  Impact  energies  above  10,000  joules  but  less  than  25,000  joules,  the  unstressed  pressure 
wall  plates  typically  sustained  a  central  bulge  with  two  co-linear  cracks  (see,  e.g.  Figure 
3a).  However,  at  the  same  impact  energy  levels,  the  bi-axially  stressed  pressure  wall  plates 
sustained  a  cruciform  petal  formation  (Figure  3b).  When  the  Impact  energy  was  increased  past 
25,000  joules,  both  pressure  wall  types  again  experienced  a  similar  mode  of  pressure  wall  per¬ 
foration  --  both  had  large  holes  with  approximately  six  long  petals  (see  Figures  4a, b). 

Thus,  it  would  appear  that  the  presence  of  a  bi-axial  stress  field  within  a  pressure  wall 
plate  of  a  dual -wall  system  did  not  significantly  affect  the  mode  of  pressure  wall  perforation 
in  low  and  high  energy  impacts  ie.  below  10,000  joules  and  above  25,000  joules,  respectively). 
Its  effect  was  mainly  felt  in  the  intermediate  impact  energy  regime,  that  is,  between  10,000 
and  25,000  joules.  In  this  impact  energy  regime,  the  bi-axial  tensile  stress  state  altered 
the  type  and  number  of  petals  formed  by  creating  additional  petals  and  cracks  in  a  direction 
normal  to  that  of  the  cracks  in  the  unstressed  plates.  This  also  explains  why  the  petal 
lengths  in  the  unstressed  pressure  walls  exceeded  those  in  the  stressed  pressure  walls  (Table 
3),  On  average,  the  maximum  petal  length  in  the  stressed  pressure  wall  plates  was  approxi¬ 
mately  l4%  less  than  the  maximum  petal  length  in  the  unstressed  plates,  with  a  standard 
deviation  of  approximately  111,.  The  creation  of  additional  petals  in  the  bi-axially  stressed 
pressure  wall  plates  absorbed  a  portion  of  the  energy  of  the  impacting  debris  cloud  that  in 
the  case  of  the  unstressed  places  went  into  the  extension  of  the  colinear  cracks. 

Rear-side  pressure  wall  spallation  occurred  in  only  two  stressed-unstressed  test  pairs.  In 
both  cases,  the  bi-axially  stressed  pressure  wall  plates  faired  better  than  the  corresponding 
unstressed  pressure  wall  plates.  In  one  instance,  the  stressed  pressure  wall  experienced  an 
area  of  rear-side  spallation  that  was  less  than  half  as  large  as  that  experienced  by  the 
unstressed  plate.  In  the  other  instance,  the  rear-side  spall  area  of  the  unstressed  plate  was 
ten  times  as  large  as  Che  rear-side  spall  area  of  the  stressed  plate  (Table  3).  This  tendency 
of  the  stressed  pressure  wall  plates  to  experience  less  spallation  than  corresponding  un¬ 
stressed  places  is  due  to  an  increase  in  the  apparent  stiffness  of  the  stressed  plates  caused 
by  the  applied  tensile  stress  field.  This  increase  in  stiffness  naturally  acted  against  spall 
formation  in  Chose  plates. 

Oblique  Impact 

In  a  manner  similar  to  the  normal  impact  tests,  the  presence  of  the  internal  bi-axial  stress 
state  did  not  affect  whether  or  not  the  pressure  wall  was  perforated  (Table  4).  This  similar¬ 
ity  in  perforation  response  is  also  borne  out  in  Figure  5,  which  shows  the  ballistic  limit 
curves  for  dual-wall  systems  under  45®  impact  with  stressed  and  unstressed  pressure  wall 
plates.  Once  again,  the  curve  for  the  stressed  system  was  virtually  identical  to  that  for  the 
unstressed  system;  hence,  only  one  line  is  given  in  Figure  5. 

Although  the  'in-line'  pressure  wall  damage  areas  were  typically  smaller  than  the  'normal' 
damage  areas  (note  the  values  of  A^^  compared  to  A^j^  in  Table  4)  ,  this  was  due  to  the  fact 
that  the  'in-line'  debris  clouds  were  more  concentratea,  and  not  because  they  contained  fewer 
particles  than  the  'normal'  debris  clouds.  In  fact,  more  serious  pressure  wall  damage  and/or 
failure  was  caused  by  the  impact  of  the  'in-line'  debris  cloud  rather  than  Che  'normal'  debris 
cloud;  pressure  wall  plate  perforation  occurred  only  in  the  'in-line'  damage  area,  while  not 
even  a  single  pinhole  was  found  in  a  'normal'  damage  area  (Table  4).  Apparently,  for  the 
parameters  considered  in  this  study,  the  MLI  on  the  pressure  wall  plate  was  able  to  absorb 
most  (or  all)  of  the  energy  of  the  slower  moving,  more  disperse  'normal'  debris  clouds,  but 
was  not  able  to  stop  the  larger,  less  fragmented  particles  of  the  more  condensed  'in-line' 
debris  clouds. 

When  a  perforation  did  occur  in  corresponding  stressed  and  unstressed  systems,  with  the 
exception  of  tests  FP18  (stressed)  and  205C  (unstressed),  the  equivalent  diameters  of  the 
pressure  wall  plate  holes  in  the  stressed  systems  were  in  general  larger  than  those  in  the 
unstressed  systems  (Table  4).  This  difference  in  hole  diameter  was  especially  pronounced  in 
the  lower  energy  tests  and  decreased  monotonically  as  the  impact  energy  increased.  At  an 
impact  energy  level  of  approximately  9,000,  16,000,  and  18,000  joules,  the  holes  in  the 
stressed  plates  were  approximately  5,  3.67,  and  1.38  times  larger  than  the  holes  in  correspon¬ 
ding  unstressed  plates.  In  tests  FP18  and  205C.  although  the  hole  in  the  stressed  plate  was 
smaller  than  that  in  the  unstressed  plate,  the  stressed  plate  also  contained  a  0.7  cm  diameter 
crater  at  the  bottom  of  which  was  a  0.6  cm  long  through -crack.  While  this  crater  with  a 
through-crack  does  not  constitute  a  hole,  an  additional  perforation  in  the  stressed  plate  is 
evident  nonetheless.  As  a  result,  the  difference  between  the  results  for  tests  FP18  and  205C 
was  determined  not  to  be  as  dramatic  as  originally  supposed. 

The  reason  for  the  larger  hole  diameters  in  the  stressed  systems  is  that  in  an  oblique  impact, 
the  individual  'in-line'  pressure  wall  craters  and  holes  were  elliptical  and  therefore  highly 
sensitive  to  the  in-plane  pressure  wall  stress  field.  Under  the  action  of  the  in-plane  stress 
distribution,  the  stress  concentrations  at  the  sharp  tips  of  the  pressure  wall  craters  and 
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holes  invariably  led  to  material  rupture  and  hole  growth.  These  stress  concentrations  also 
led  to  an  increased  maximum  petal  length  in  the  stressed  pressure  wall  of  one  of  the  tests  as 
compared  to  that  of  an  unstressed  pressure  wall  plate  in  a  corresponding  system  under  similar 
impact  conditions  (note  the  relative  values  of  L  for  tests  FP25  and  3028A  in  Table  4).  It 
was  also  found  that  as  the  impact  energy  increasiS,  the  effect  of  the  in-plane  stress  field 
decreased  and  the  holes  in  the  stressed  plates  began  to  resemble  those  in  the  unstressed 
plates.  This  increased  consistency  in  perforation  response  with  increased  impact  energy  is 
also  similar  to  that  which  was  observed  under  normal  high-speed  impact. 

Finally,  pressure  wall  plate  petalling  under  oblique  impact  did  not  begin  to  appear  until  the 
kinetic  energy  of  the  impacting  projectile  exceeded  approximately  17,500  joules.  This  appears 
to  be  in  great  contrast  with  the  fact  that  under  normal  impact,  petalling  appeared  in  pressure 
walls  of  dual-wall  systems  impacted  at  energies  as  low  as  9,500  joules.  However,  the  two 
apparent  threshold  energy  levels  for  petal  formation  are  consistent  if  one  considers  that  the 
amount  of  normally  directed  impact  energy  is  proportional  to  the  total  impact  energy  in  an 
oblique  impact  multiplied  by  the  square  of  the  cosine  of  the  impact  angle.  In  Che  case  of  a 
45°  impact,  the  normally  directed  impact  energy  at  the  apparent  threshold  energy  level  for 
petal  formation  is  therefore  equal  to  8,750  joules,  a  mere  8X  below  the  apparent  threshold 
energy  level  for  petal  formation  under  normal  high-speed  impacts. 


CONCLUSIONS 

A  study  was  performed  to  assess  the  effects  of  an  internal  pressure  wall  stress  field  on  the 
response  of  a  dual-wall  structure  under  normal  and  oblique  hypervelocity  projectile  Impact. 
The  study  focused  on  a  test-by-test  comparison  of  hypervelocity  impact  response  characteris¬ 
tics,  including  whether  or  not  the  pressure  wall  was  perforated,  the  diameter  of  the  hole  in  a 
perforated  pressure  wall,  maximum  petal  length,  and  the  occurrence  of  rear-side  spallation. 
It  was  found  that  the  internal  pressure  wall  stress  distribution  had  a  negligible  effect  on 
whether  or  not  the  pressure  wall  plate  of  the  dual-wall  system  was  perforated.  However, 
pressure  wall  hole  diameter,  maximum  petal  length,  and  extent  of  rear-side  spallation  did  show 
some  dependence  on  the  presence  of  the  pressure  wall  stress  field. 

Based  on  the  results  obtained  in  this  study,  it  is  concluded  that  for  the  stress  levels  and 
the  impact,  material,  and  geometric  parameters  considered,  the  results  of  high-speed  impact 
tests  of  similar  dual -wall  systems  with  unstressed  pressure  wall  plates  can  be  used  fairly 
accurately  to  predict  the  ballistic  limit  of  actual  dual-wall  systems  of  similar  construction 
in  which  internal  pressure  wall  stress  fields  are  expected  to  exist.  However,  the  exact 
nature  of  the  impact  response  can  vary  significantly  between  stressed  and  unstressed  systems. 
Details  that  can  be  expected  to  vary  between  stressed  and  unstressed  system  response  include 
the  hole  diameter  in  a  perforated  pressure  wall  plate,  the  extent  of  rear-side  spallation,  and 
the  number  and  length  of  pressure  wall  petals  created  by  debris  cloud  impact.  To  obtain 
reliable  Information  for  these  response  characteristics,  it  is  necessary  to  perform  high-speed 
impact  tests  and  include  an  internal  pressure  wall  stress  field  to  account  for  the  effects  of 
the  stress  field  that  would  exist  in  the  actual  dual-wall  system. 


ACKNOWLEDGMENTS 

The  author  is  grateful  for  support  from  a  NASA/Marshall  Space  Flight  Center  contract  (NAS8- 
36955/D. 0 . 74)  with  Miria  Finckenor  serving  as  Technical  Monitor.  The  author  would  also  like 
to  express  his  appreciation  to  Jim  Zwiener  and  Joe  Lambert  of  the  Laboratory  Support  Branch  of 
the  NASA/Marshall  Space  Flight  Center  Materials  and  Processes  Laboratory,  and  to  Hubert  Smith, 
Ben  Ramsey,  and  Mike  Bjorkman  of  the  Boeing  Aerospace  Corporation  for  conducting  the  impact 
testing  that  made  this  investigation  possible.  Finally,  the  author  also  wishes  to  acknowledge 
the  assistance  of  Kent  Darzi  in  the  data  collection  phase  of  this  investigation. 

REFERENCES 

Burch,  G.T.  (1967).  Multi-Plate  Damage  S tudy ,  AFATL-TR-67- 116 ,  Air  Force  Armament  Laboratory, 
Eglln  Air  Force  Base,  Florida. 

Coronado,  A.R.,  M.N.  Gibbins,  M.A.  Wright  and  P.H.  Stern  (1987).  Space  Station  Integrated  Wall 
Design  and  Penetration  Damage  Control ,  Boeing  Aerospace  Company,  Seattle,  Washington,  Rept. 
D180-30550-1. 

Kessler,  D.J.,  R.C.  Reynolds  and  P.P.  Anz-Meador  (1988).  Orbital  Debris  Environment  for  Space¬ 
craft  Designed  to  Operate  in  Low  Earth  Orbit .  NASA  TM- 100471,  Houston,  Texas. 

Lundeberg,  J.F.,  D.H,  Lee  and  G.T.  Burch  (1966).  "Impact  Penetration  of  Manned  Spacecraft", 
Journal  of  Spacecraft,  3,  182-187. 


64: 


W.  p.  SC  I!()NBKft(i 


Maiden,  C.J.  and  A.R.  McMillan  (196A).  "An  Investigation  of  the  Protection  Afforded  a  Space¬ 
craft  by  a  Thin  Shield",  AIAA  Journal,  2,  1992-1998. 

Morrison,  R.H.  (1972).  A  Preliminary  Investigation  of  Projectile  Shape  Effects  in  Hyperveloci¬ 
ty  Impact  of  a  Double-Sheet  Structure,  NASA  TN  D-69AA,  Washington,  D.C. 

Riney,  T.D.  and  E.J.  Halda  (ISSSl .  "Effectiveness  of  Meteroid  Bumpers  Composed  of  Two  Layers 
of  Distinct  Materials",  AIAA  Journal,  6,  338-3AA. 

Sawle,  D.R.  (1970).  "Hypervelocity  Impact  on  Thin  Sheets  and  Semi-Infinite  Targets  at  15 
km/sec,"  AIAA  Journal,  8,  1240- 12AA. 

Schonberg,  W.P.,  A.B.  Bean  and  K.  Darzi  (1991).  Hyperveloci ty  Impact  Physics ,  NASA  CR-4343, 
Washington,  D.C. 

Schonberg,  W.P.  and  K.  Darzi  (1992).  "Projectile  Shape  and  Material  Effects  in  Hypervelocity 
Impact  Response  of  Dual-Wall  Structures”,  Journal  of  Aerospace  Engineering,  5,  405-424. 

Taylor,  R.A.  (1987).  "A  Space  Debris  Simulation  Facility  for  Spacecraft  Materials  Evaluation", 
SAMPE  Quarterly,  18,  28-34. 

Ugural,  A.C.  (1981).  Stresses  in  Plates  and  Shells .  McGraw-Hill,  New  York. 

Wallace,  R.R. ,  J.R.  Vinson  and  M.  Kornhauser  (1962).  "Effects  of  Hypervelocity  Particles  on 
Shielded  Structures",  ARS  Journal,  32,  1231-1237. 

Whipple,  F.L.  (1947).  "Meteorites  and  Space  Travel",  Astronomical  Journal,  137. 


,  ,  STRESSED  UNSTRESSED 

I  o  A  PERFORATED 

•  A  NOT  PERFORATED 

1.2' 


.3 


I  2  3  4  5  6  7  8 

V  (KM/SEC) 

Figure  2.  Ballistic  Limit  Curve,  O'*  Trajectory  Obliquity,  Stressed  and 
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TABLE  1  Hypervelocity  Impact  Test  Parameters,  Un¬ 
stressed  Pressure  Hall  Plates  (t  -1.6  mm, 

t  -3.175  mm,  S-10.16  cm)  ® 
w  ^ 


Test 

No. 

d 

(cm) 

V 

(km/sec) 

0 

(deg) 

MLI 

FP02 

0.953 

6.92 

0 

Y 

MD-TA 

0.475 

2.15 

0 

Y 

MD-TB 

0.475 

2.45 

0 

Y 

P08 

0.635 

2.96 

0 

Y 

P12C 

0.635 

4.33 

0 

Y 

P21D 

0.762 

5.85 

0 

Y 

P27D 

0.475 

3.08 

0 

Y 

T2-4 

0,635 

4.28 

0 

Y 

002B 

0.795 

6.51 

45 

Y 

205C 

0,635 

5.30 

45 

Y 

205D 

0.635 

6.42 

45 

Y 

230a 

0.475 

4.41 

45 

Y 

230B 

0.475 

3.23 

45 

Y 

3020B 

0.  795 

7.05 

0 

Y 

3027A 

0.635 

6.90 

45 

Y 

3028A 

0.795 

7.01 

45 

Y 

TABLE  2  Hypervelocity  Impact  Tests  Parameters,  Stressed 


Pressure  Wall 

Plates  (t  -1.6  mm, 
S-10.1?  cm) 

t  “3 , 175  mm, 
w 

Test  d 

No.  (cm) 

V  » 

(kra/sec)  (deg) 

(Mpi) 

<’2 

(MPa) 

FPOl 

0.953 

6.88 

0 

Y 

68 

34 

FPIO 

0,475 

2.47 

0 

Y 

68 

34 

FPll 

0.475 

3.07 

0 

Y 

68 

34 

FP12 

0.475 

2.02 

0 

Y 

68 

34 

FP13 

0.635 

4.14 

0 

Y 

68 

34 

FP14 

0.475 

3.26 

45 

Y 

68 

34 

FP15 

0.475 

4  34 

45 

y 

68 

34 

FP16 

0,635 

2.60 

0 

Y 

68 

34 

FP17 

0.635 

4.35 

0 

Y 

68 

34 

FP18 

0.635 

5.32 

45 

Y 

68 

34 

FP19 

0.635 

6.50 

45 

Y 

68 

34 

FP20 

0.635 

7.05 

45 

Y 

68 

34 

FP21 

0.795 

5.19 

0 

Y 

68 

34 

FP23 

0.795 

7.21 

0 

Y 

68 

34 

FP24 

0.795 

6,90 

45 

Y 

68 

34 

FP25 

0.795 

7,29 

45 

Y 

68 

34 
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TABLE  3  Comparison  of  Stressed  and  Unstressed  Pressure  Wall  Plates 


Normal 

(00)  : 

Impa-t 

Test 

No. 

Impact 
Energy  (J) 

"l 

(MPa) 

^2 

(MPa) 

D 

(cm) 

(cm) 

(cm2) 

L 

(cB) 

A 

(cm2) 

FP12 

310 

68 

34 

0.64 

— 

5.10 

.... 

.... 

MD-TA 

352 

0 

0 

0.82 

0.811 

2.85 

— 

— 

FPIO 

464 

68 

34 

0.80 

— 

20.26 

— 

— 

MD-TB 

457 

0 

0 

0.81 

.... 

25.68 

.... 

— 

FPll 

717 

68 

34 

0.87 

— 

11.35 

— 

.... 

P27D 

722 

0 

0 

0.88 

— 

10.90 

— 

— 

FP16 

1,229 

68 

34 

0.95 

1.111 

31.68 

— 

1.03 

P08 

1,593 

0 

0 

1.09 

0.991 

20.26 

— 

2.13 

FP13 

3,117 

68 

34 

1.11 

1.111 

38.32 

.... 

0.35 

T2-4 

3,331 

0 

0 

1.11 

1.342 

49.48 

.... 

3.58 

FP17 

3,441 

68 

34 

1.19 

.... 

20.29 

.... 

.... 

P12C 

3,409 

0 

0 

1.19 

.... 

20.26 

.... 

.... 

FP21 

9,613 

68 

34 

1.43 

7.13 

45.61 

5.72 

.... 

P21D 

10,753 

0 

0 

1.49 

9.53 

38.90 

9.12 

.... 

FP23 

18,551 

68 

34 

1.60 

19.15 

292.64 

11.43 

.... 

3020B 

17,737 

0 

0 

1.62 

18.07 

256.52 

14.22 

.... 

FPOl 

29,049 

68 

34 

1.74 

24.89 

457.29 

17.78 

.... 

FP02 

29,388 

0 

0 

1.75 

25.27 

457.29 

15.24 

-  -  -  - 

'One  distinct  hole 
^Multiple  holes 
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TABLE  4  Comparison  of  Stressed  and  Unstressed  Pressure  Wall  Plates 

Oblique  (45°)  Impact 


Test 
No . 

Impact 
Energy  (J) 

^1 

(MPa) 

°2 

(MPa) 

D  . 

(Sg’f 

^1, 

(cm) 

%2 

(cm) 

(cmb 

(cm^) 

L 

(cS) 

FP14 

809 

68 

34 

0.87 

1.11 

.... 

— 

.... 

62.06 

.... 

230B 

794 

0 

0 

0.90 

1.18 

— 

— 

.... 

76.06 

— 

FP15 

1,433 

68 

34 

0.95 

i.:i 

— 

— 

.... 

81.03 

— 

230A 

1,480 

0 

0 

0.98 

1.18 

— 

— 

— 

81.03 

— 

FP18 

5,146 

68 

34 

1.27 

1.67 

— 

0.251 

20.26 

15.55 

— 

205C 

5,109 

0 

0 

1.24 

1.51 

.... 

0.972 

11.35 

11.35 

.... 

FP19 

7,683 

68 

34 

1.67 

1.74 

.... 
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ABSTRACT 

All  long— duration  space  and  aerospace  support  and  transportation  systems,  such  as  the  Space 
Station  Freedom  and  the  Space  Shuttle,  are  susceptible  to  impacts  by  pieces  of  orbital  debris. 
These  impacts  occur  at  high  speeds  and  can  damage  the  flight-critical  systems  of  such 
spacecraft.  Therefore,  the  design  of  a  structure  that  will  be  exposed  to  a  hazardous  orbital 
debris  environment  must  address  the  possibility  of  such  hypervelocity  impacts  and  their  effect 
on  the  integrity  of  the  entire  structural  system.  A  technique  is  developed  for  analyzing  the 
response  of  dual-wall  structures  to  oblique  hypervelocity  projectile  impact.  Ballistic  limit 
curves  that  predict  the  potential  of  an  impacting  projectile  to  perforate  the  main  wall  of  a 
dual-wall  structural  system  are  obtained  using  the  technique  and  are  compared  against 
experimentally  derived  curves.  Comparisons  are  performed  for  a  variety  of  impact  velocities, 
trajectory  obliquities  and  projectile  masses.  It  is  shown  that  the  results  obtained  using  the 
technique  developed  herein  compare  very  well  with  experimental  results. 


INTRODUCTION 

All  earth-orbiting  spacecraft,  especially  those  with  a  mission  duration  of  more  than  a  few  days, 
are  susceptible  to  high-speed  impacts  by  pieces  of  orbiting  debris.  These  orbital  debris 
particles  range  in  size  from  microscopic  solid  propellant  particles  to  spent  rocket  boosters 
still  in  low  earth  orbit.  The  impacts  of  these  particles,  which  can  occur  at  speeds  as  high 
as  12  to  14  km/sec  (Kessler,  1982),  can  damage  flight-critical  systems  and  lead  to  catastrophic 
failure  of  the  spacecraft  (Kessler  and  Cour-Palais,  1978;  Kessler,  1981;  Reynolds  et  al,  1983). 
Therefore,  the  design  of  a  long  duration  spacecraft  in  earth  orbit  must  take  into  account  the 
effects  of  such  impacts  and  must  contain  protective  systems  to  insure  its  integrity  and  the 
safety  of  its  occupants. 

The  design  of  protective  systems  for  earth-orbiting  structures  largely  depends  on  the  ability 
to  predict  the  response  of  a  variety  of  structural  components  to  hypervelocity  impact.  Forty- 
five  years  ago  it  was  suggested  that  a  '  bumper’  could  be  used  to  minimize  the  damage  caused  by 
meteoroid  impact  (Whipple,  1947).  Since  then,  numerous  investigations  have  been  performed  to 
study  the  effectiveness  of  multi-sheet  structures  in  reducing  the  damage  threat  of  hypervelocity 
projectiles  (Wallace  et  al,  1962;  Maiden  and  McMillan,  1964;  Lundeberg  et  al,  1966;  Wilkinson, 
1969;  Swift  et  al,  1983).  Dual-wall  configurations  were  repeatedly  shown  to  provide  significant 
increases  in  protection  against  perforation  by  hypervelocity  projectiles  over  equivalent  single¬ 
wall  structures. 

Recent  experimental  Investigations  of  oblique  hypervelocity  impact  phenomena  have  shown  that 
the  response  of  a  dual-wall  structure  to  oblique  hypervelocity  projectile  impact  is 
significantly  different  from  its  response  to  normal  hypervelocity  impact  (Coronado  et  al,  1987; 
Schonberg  and  Taylor,  1989).  Unlike  normal  high-speed  impacts,  oblique  impacts  can  produce  a 
tremendous  volume  of  ricochet  debris  particles  which  can  severely  damage  panels  of 
instrumentation  units  located  on  the  exterior  of  a  structure  (Schonberg,  1989).  Obliquity 
effects,  therefore,  must  be  considered  in  the  design  of  a  space  structure  that  will  be  exposed 
to  the  orbital  debris  environment. 

A  wide  variety  of  analytical  models  exist  that  predict  the  response  of  thin  plates  to  normal 
impact  loadings.  On  the  other  hand,  only  a  relatively  small  number  of  models  have  been 
developed  for  oblique  impact.  Many  early  analytical  perforation  studies  were  performed  in  an 
attempt  to  model  the  response  of  armor  to  impacts  by  bullets  and  bullet-like  projectiles  at 
impact  speeds  less  than  2  km/sec  (see  e.g,,  Taylor;  1948,  Thomson;  1955,  Zaid  and  Paul,  1957; 
Paul  and  Zaid,  1958).  Although  the  importance  of  trajectory  obliquity  was  occasionally  studied 
(Zaid  and  Paul,  1959;  Recht  and  Ipson,  1963),  the  problem  of  normal  impact  was  usually  solved 
because  the  assumption  of  axisymmetric  response  made  it  much  more  tractable  mathematically. 
More  recent  attempts  at  modelling  thin  plate  perforation  by  normally  impacting  projectiles  have 
included  elastic/plastic  and  visco-plastic  analyses  (Goldsmith  et  al,  1965;  Calder  and 
Goldsmith,  1971;  Levy  and  Goldsmith,  1984)  and  comprehensive  mechanics-of-  materials  approaches 
(Ravid  and  Bodner,  1983;  Awerbuch,  1970;  Awerbuch  and  Bodner,  1974). 
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The  objective  oi  the  work  presented  herein  was  to  develop  and  validate  a  technique  that  could 
be  used  to  predict  the  response  of  dual— wall  structure  to  oblique  hypervelocity  impact.  This 
technique  was  developed  in  three  phases.  In  the  first  phase,  a  general  theory  of  thin  plate 
response  to  an  impulsive  asymmetric  velocity  distribution  was  developed.  In  the  second  stage, 
this  theory  was  applied  to  the  analysis  of  the  response  of  the  inner  plate  in  a  dual-wall 
structure.  In  the  final  stage,  a  series  of  ballisstic  limit  curves  were  derived  for  a  variety 
of  impact  parameters.  The  validity  of  these  curves  was  demonstrated  by  comparing  them  with 
existing  ballistic  limit  curves  that  were  experimentally  obtained  in  a  previous  investigation 
of  (Schonberg  et  al,  1991), 


METHOD  OVERVIEW  AND  ASSUMPTIONS 

Consider  a  dual-wall  structure  that  is  impacted  by  a  spherical  projectile  of  diameter  D^  (mass 
Mj)  traveling  at  a  velocity  at  an  angle  6^^  with  respect  to  the  outward  normal  of  the  outer 
wall  (Figure  1).  The  ‘bumper’  (thickness  t^)  is  separated  from  the  'pressure  wall’  (thickness 
t„)  by  a  distance  S  called  the  ‘  stand-off  distance' .  The  fragments  created  during  the  impact 
of  the  projectile  on  the  bumper  are  sprayed  on  the  pressure  wall  in  the  form  of  asymmetric 
debris  clouds  while  some  fragments  ricochet  away  from  the  dual-wall  structure.  A  spherical 
projectile  is  assumed  in  Che  analysis  in  order  that  forthcoming  results  may  be  compared  directly 
against  experimental  data  obtained  using  spherical  projectiles.  The  analysis  of  the  response 
of  this  structure  to  an  oblique  hypervelocity  impact  is  based  in  part  on  a  technique  that 
predicts  the  ballistic  limit  of  dual-wail  structures  under  normal  hypervelocity  projectile 
impact  (Madden,  1967;  Madden,  1969), 

The  impact  of  the  debris  clouds  on  the  pressure  wall  typically  creates  two  elliptical  areas  of 
damage.  The  extent  of  the  areas  over  which  the  asymmetric  impulsive  loadings  of  the  debris 
clouds  are  distributed  on  the  pressure  wall  is  governed  by  the  manni’ ’■  in  which  the  projectile 
and  bumper  plate  fragment,  melt,  and  vaporize.  In  Figure  1,  the  angles  6;  and  6^  denote  the 
trajectories  of  the  centers-of-mass  of  the  ‘normal’  and  ‘  in-iine’  debris  clouds,  respectively; 
the  angles  and  <l>2  represent  the  spread  of  these  fragments.  The  ‘  normal’  and  *  in-line’  damage 
areas  are  denoted  Sj  and  Sj ,  respectively,  on  the  front  surface  of  the  pressure  wall;  6^  and 
9,,  characterize  the  trajectory  of  the  center-of-raass  and  the  spread  of  the  ricochet  debris 
fragments,  respectively. 

In  the  f'.rst  phase  of  the  analysis,  a  general  theory  of  thin  plate  response  to  an  impulsive 
asymmetric  velocity  distribution  is  developed.  It  is  assumed  that  the  plate  is  circular  and 
that  Kirchhoff  plate  theory  assumptions  are  valid.  In  the  second  phase,  this  theory  is  applied 
to  the  analysis  of  the  response  of  a  pressure  wall  plate  in  a  dual-wall  structure  under  the 
impacts  of  the  asymmetric  debris  clouds.  In  the  final  phase,  a  series  of  ballistic  limit  curves 
that  indicate  the  likehood  of  pressure  wall  perforation  due  to  an  oblique  hypervelocity  impact 
are  developed  and  verified  for  a  variety  of  impact  parameters.  The  assumptions  used  in  the 
second  phase  of  the  analysis  are  discussed  in  more  detail  in  the  following  paragraphs. 

In  applying  the  general  theory  developed  i.i  the  first  phase  of  the  analysis,  it  is  assumed  that 
the  projection  of  the  projectile  trajectory  on  the  bumper  surface  is  coincident  with  the  line 
on  the  bumper  defined  by  0<r<«>.  This  implies  that  the  response  of  the  bumper  plate  to  the 
impact  will  be  symmetric  with  respect  to  the  line  defined  by  the  union  of  the  lines  tf-0,  0<r<’*> 
and  6-k  ,  0<r<<*>.  The  symmetry  of  the  bumper  response  allows  us  to  assume  further  that  the  debris 
clouds  generated  and  the  subsequent  response  of  the  pressure  wall  to  their  impact  will  also  be 
symmetric  with  respect  to  the  projection  of  that  line  on  the  pressure  wall. 

The  initial  impact  on  the  bumper  is  ass'ui.u  j  to  occur  fast  enough  so  that  the  debris  clouds 
consist  primarily  vaporou.-:  material,  and  that  all  particles  of  a  debris  cloud  impact  the 
pressure  wall  at  the  same  time.  In  this  manner,  the  loads  transmitted  by  the  debris  clouds  to 
th"  pressure  wall  can  be  assumed  to  be  in  the  form  of  initial  velocity  distributions  which  are 
assumed  to  be  directed  perpendicularly  onto  the  pressure  wall.  Thus,  for  the  purposes  of  this 
study,  the  tangential  coraponer.L  of  the  debris  cloud  loading  is  neglected. 

Because  of  the  obliquity  of  the  initial  impact  and  the  oblique  trajectories  of  the  debris 
clouds,  the  initial  velocity  distribution  corresponding  to  each  debris  cloud  is  applied  over 
an  elliptical  area  of  the  pressure  wall  and  is  asymmetric  with  the  peak  occurring  over  the 
‘nearer’  focus  of  the  ellipse.  This  focus  also  defines  the  point  on  the  pressure  wall  to  which 
the  line  defining  the  trajectory  of  a  particular  debris  cloud  is  drawn.  A  sketch  of  a  generic 
asymmetric  velocity  distribution  with  an  elliptical  horlzontial  cross-section  is  shown  in  Figure 
2.  In  Figure  2,  the  origin  of  the  polar  coordinate  system  coincides  with  a  focus  of  the 
ellipse.  This  allows  the  equation  defining  the  ellipse  to  be  written  as: 

a(l-e^)  =  r(l-€cos6)  (1) 

where  (-J /a  Is  the  eccentricity  of  the  ellipse,  and  a  and  b  are  lengths  of  the  semi-major 
and  semi-minor  axes  of  the  ellipse,  respectively. 

Because  of  the  high  speeds  at  which  the  debris  clouds  travel,  it  is  assumed  that  the  impacts 
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of  the  'normal’  and  '  in-line’  debris  clouds  on  the  pressure  wall  occur  simultaneously  so  that 
the  response  of  the  pressure  wall  to  one  is  not  affected  by  the  impact  of  the  other.  The 
pressure  wall  is  assumed  to  be  circular  and  the  damage  areas  created  by  the  debris  clouds  are 
assumed  to  be  much  smaller  than  the  area  of  the  plate.  This  assumption,  together  with  that  of 
zero  interaction  between  the  debris  cloud  loadings,  allows  the  focus  of  the  ellipse  at  the  base 
of  each  debris  cloud  to  be  placed  at  the  origin  of  the  pressure  wall  and  subsequent  response 
analysis  to  be  performed  independently  for  the  ’normal’  and  ’in-line’  debris  cloud  loadings. 
Furthermore,  because  the  damage  areas  are  local  effects,  the  effects  of  the  debris  cloud  impacts 
are  confined  to  relatively  small  areas  surrounding  the  damage  areas.  This  allows  the  edges  of 
the  plate  to  be  modelled  as  clamped,  rather  than  simply-supported.  Additional  assumptions  are 
discussed  as  they  arise  in  the  analysis. 


PHASE  ONE:  DYNAMIC  THIN  PLATE  ANALYSIS 

In  this  section,  a  general  theory  of  thin  plate  response  to  an  asymmetric  impulsive  velocity 
distribution  is  developed.  From  linear  plate  theory  for  isotropic,  homogeneous  materials,  the 
governing  differential  equation  for  dynamic  plate  deflection  u(r,S,t)  in  polar  coordinates  can 
be  written  as  follows: 


dt^ 


(2) 


where  k  =  ( 2  [  3(l-i/^)  ] '^^/ct„) ,  c  is  the  speed  of  sound  in  the  plate  material,  v  is  Poisson's 
ratio,  t„  is  the  plate  thickness,  and 


dr^  idr  r^ae^ 


(3) 


If  the  plate  is  clamped  along  its  boundary,  then  we  have  the  boundary  conditions 


ulaj  -  0; 


du 

as 


=  0 


(4) 


where  3S  is  the  boundary  of  the  plate.  If  the  plate  is  subjected  to  an  initial  velocity 
V|j(r,3),  then  u(r,3,t)  must  also  satisfy  the  initial  conditions 


=  0; 


du 

c*o 


Vo(r,e) 


(5) 


This  initial  and  boundary  value  problem  is  solved  by  using  separation  of  variables,  that  is, 
we  let 


u(r,0, t)  =  X{r) r(d)G(C)  (6) 

Upon  insertion  of  equation  (6)  into  equation  (2)  and  application  of  the  method,  we  find  that 
the  functions  X(r),  Y(3),  and  G(t)  are  given  by 

y„(0)  =  D^cosinQ)  +  UjSinCnO)  (8) 

G^it)  =  PiCos(nLt)  +  P2sin(nLt)  (9) 

where  n^  is  a  constant  of  separation  and  I„,  J„,  and  N„,  K„  are  n-th  order  Bessel  Functions  of 


the  first  and  second  kind,  respectively.  The  periodicity  of  Y(S)  implies  that  for  Y(9)  to  be 
a  single-valued  function,  we  must  have  Y(#+2i<)-Y(3 )  .  This  in  turn  implies  that  n  must  be  an 
positive  integer  or  zero.  Additionally,  since  the  plate  and  the  loading  both  possess  symmetry 
with  respect  to  8-0,  Y„(3)  must  also  be  symmetric  with  respect  to  $-0.  Hence,  Dj-O  in  equation 
(8)  To  avoid  infinite  deflections  at  the  center  of  the  plate,  the  functions  X,„(r)  roust  be 
bounded  at  r-0 .  This  implies  that  f„-0  and  ?„”0  In  equation  (7)  The  r)^  are  the  roots  of  the 
equation 

J„(r\„kR)  l'„(r]^kK)  -  I„{r]„kR)j'jr\„kR)  =0  (10) 

which  is  obtained  by  substituting  X^(r)  according  to  equation  (7)  into  the  boundary  conditions 
given  by  equation  (A) .  Combining  equations  (7-9)  yields 

=  X^(r)  COS  (n0)  [PjCos  (n^C)  +PjSin(n«t)] 

where  the  constant  Dj  has  been  combined  Into  a„  and  0^.  The  initial  condition  u(r,«,0’'-0 
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implies  that  Pj-O.  Combination  of  P2  into  and  yields  the  following  expression  for 
u(r,0,t): 


-(r,e-t:)  =EE  X^(r)cos(n0)  sin(nLt)  ^^2) 

n-o  fli»i 

where 

(13) 

All  Chat  remains  is  Co  evaluate  the  constants  and  0^  .  Differentiating  equation  (12)  with 
respect  to  t,  evaluating  Che  result  at  t-0 ,  and  applying  the  initial  condition  given  in  equation 
(5),  we  obtain 


n*0 


V^(r,B) 


(14) 


Multiplying  both  sides  of  equation  (14)  by  cos(ntf),  and  integrating  from  0  to  2s,  we  obtain 
E  =  P’'Vo(r,0)cos(ne)d0  (15) 

m-l 

Similarly,  multiplying  both  sides  of  equation  (15)  by  rX^(r)  and  integrating  from  0  to  R,  we 
find 


^r)^f'’rX^(r)dr  =  f  zX^ir)  V^{r ,Q)  cos  (nB)  dBdr 

Jq  Jq  Jq 


(16) 


If  we  substitute  X,^(r)  according  to  equation  (13)  into  the  first  of  the  boundary  conditions 
given  by  equation  (4) ,  we  find  that  0^  can  be  written  as 


rt 


(17) 


Substitution  of  0^  into  equation  (13)  yields 

( T) )  ] 


(18) 


Substitution  of  equation  (18)  for  X,„(r)  into  equation  (16)  yields  the  following  for 

x„ (linger)  1  yo(r,e)  COS  (nO)  dedr 


(19) 


The  solution  process  is  now  complete.  Stresses  within  the  plate  can  be  calculated  using  the 
standard  expressions  for  a,,  Oj  and  Ojj  in  terms  of  transverse  displacement  (Ugural,  1981). 


PHASE  TWO:  DEBRIS  CLOUD  LOADING  OF  A  PRESSURE  WALL  PLATE 


The  first  step  in  applying  the  general  theory  developed  in  Che  previous  section  Co  the  analysis 
of  pressure  wall  response  is  to  determine  a  functional  form  of  the  normal  initial  velocity 
distribution  Vgi(r,S)  for  each  debris  cloud.  In  order  to  be  able  to  do  this,  the  total  mass 
Mj  the  axial  and  radial  expansion  velocities,  trajectory  angles  and  debris  cloud  spread 
angles  4>i  must  be  known  for  the  'normal'  (i-1)  and  'in-line'  (i-2)  debris  clouds.  While  the 
axial  velocities  of  the  'normal'  and  'in-line'  debris  clouds,  Vj  and  V2,  respectively,  are 
assumed  not  to  be  equal,  it  is  assumed  for  the  purposes  of  this  study  that  the  average  radial 
expansion  velocities  of  the  debris  clouds  are  equal  and  denoted  by  V,.  These  quantities  are 
found  by  applying  conservation  of  mass,  momentum  and  energy  before  and  after  the  initial  impact 
of  the  projectile  on  the  bumper  plate.  This  calculation  is  presented  in  the  Appendix.  Once 
these  quantities  are  known,  the  actual  form  of  V„,(r,9)  for  each  debris  cloud  is  determined  as 
follows.  The  mass  per  unit  area  Impacting  on  the  pressure  wall  Is  assumed  to  be  of  the  form 


A,e 


(20) 
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This  form  of  the  mass  distribution  is  motivated  by  the  assumed  shape  of  the  velocity 
distribution.  In  equation  (20) .  there  are  three  parameters  to  be  determined  for  each  debris 
cloud;  Cj,  Aj,  and  .  The  parameter  tj  is  determined  from  geometrical  considerations  at  the 
elliptical  base  of  the  initial  velocity  distribution  (Figure  3)  and  given  by 


e,  = 


2tan($i/2) 


cos0j  [tan(0j+^>i/2)  -tan(0i-®j/2)  ] 


(21) 


To  obtain  Aj ,  we  consider  the  total  kinetic  energy  of  each  debris  cloud 

E.  = 


(22) 


The  kinetic  energy  of  a  debris  cloud  can  also  be  obtained  by  considering  the  vertical  and 
horizontal  velocity  components  of  a  particle  with  mass  dm  -  mi(r,fi)rdrd9  that  impacts  the 
pressure  wall  at  a  point  (r,tf).  These  velocity  components  of  the  particle  are  given  by  ViCosSj 
and  Ri(r,9)/6tj,  respectively  the  quantity  6tj  —  S/(VjCos6j)  is  the  time  required  for  the  leading 
edge  of  a  debris  cloud  to  travel  the  distance  from  bumper  to  the  pressure  wall  (see  Figure  3) 
while  R^(r,S)  is  the  horizontal  displacement  of  the  particle  and  given  as 


i?j(r,0)  =  ^(Stan0j)^-2rSta730jCos  (ii-6) +r^ 


Thus,  the  kinetic  energy  of  a  debris  cloud  can  also  be  expressed  as 

1  ^  j  ->^  l??(r,6)  ,  , 

I  I  /n,  (r,0)  (vfcos^0,  +  — - ; — )  rdrdd 

2  Jo  JO  5 


where 


,  _  5[tan(0jf^^/2)  -tan(0j-$j/2)  ]  (l-ej) 

^  '  2(l-ejCOS0) 


(23) 


(24) 


(25) 


Substituting  for  mi(r,fl)  into  equation  (24),  performing  the  integrations  and  equating  the  result 
to  equation  (22)  we  obtain  the  following  quadratic  equation  for  Ait 


ViCos^0j  (2+3€i)  ^2^  3€jv'«vfsin©jCos0ji  ^  -  0 

25^  (l-Cj)^  ^  25(1-6^) 


(26) 


Once  a  value  for  Ai  is  obtained,  Aj  can  be  determined  by  integrating  the  assumed  mass 
distribution  for  a  debris  cloud  over  the  elliptical  damage  region  Zj  of  the  pressure  wall  and 
then  equating  the  result  to  the  debris  cloud  mass  ,  that  is, 

rdrdd  (27) 

Jo  Jo 


The  equation  for  A^  is  then  given  by 


W. 


(28) 


Once  the  constants  €j,  Aj  and  Aj  are  determined,  the  mass  distribution  of  each  debris  cloud  is 
completely  defined.  We  are  now  ready  to  determine  the  expression  for  the  initial  velocity 
distribution  due  to  the  impact  of  a  debris  cloud  on  a  pressure  wall.  By  balancing  the  momentum 
of  a  debris  cloud  before  its  impact  with  the  pressure  wall,  and  the  momentum  of  the  debris  cloud 
material  and  the  pressure  wall  after  the  impact,  we  find 

(r,  0)  W^cos0j  =  [roj  (r,0) +n)*]  (r,0)  (29) 


where  VQi(r,9)  is  the  initial  velocity  distribution  imparted  to  the  pressure  wall  by  a  debris 
cloud  "i",  m'-p„t„  is  the  mass  per  unit  area  of  the  pressure  wall  and  p,  is  the  density  of  the 
pressure  wall  material.  Substitution  of  rai(r,S)  according  to  equation  (20)  and  solution  of 
equation  (29)  for  Voi(r,tf)  gives 


VoiU.Q) 


VjCos9^ 


1* 


(30) 
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Substitution  of  equation  (30)  into  equation  (19)  defines  q„,  and  subsequently  u(r,tf,t),  for 
each  debris  cloud  loading. 


PHASE  THREE:  PERFORATION  CURVE  DEVELOPMENT 

Because  the  peak  of  the  impulsive  velocity  distribution  occurs  over  the  origin  of  the  pressure 
wall,  a  critical  stress  at  the  origin  will  be  used  in  developing  the  criterion  for  perforation 
of  the  pressure  wall  plate.  At  the  origin,  shear  stress  vanishes  and  the  radial  and 
circumferential  stresses  are  equal.  Therefore,  either  stress  may  be  considered  and  yields  the 
following  expression  for  stress  at  r=0  on  the  surface  of  the  plate: 

EC-  Jr  ** 

Orlr»o  =  — -r^-rzT,  <■“<>«>  PoJno«.sinT)„„t 


^  kcos (29) 
2 (l+v) 


P2m^ 


(31) 


All  other  terms  involving  and  vanish  because  the  corresponding  Bessel  Functions  vanish 
at  r-0.  It  is  noted  that  the  stress  calculated  by  equation  (31)  is  the  result  of  elastic  plate 
theory  calculations.  However,  in  the  event  of  a  perforation,  the  stress  levels  in  the  pressure 
wall  plate  will  exceed  the  elastic  limit  of  the  plate  material  by  several  orders  of  magnitude. 
This  apparent  inconsistency  can  be  resolved  as  follows. 

Let  the  actual  stress  at  r=0  be  related  to  the  elastic  stress  at  that  point  according  to 

Oacc  =  “Orir.o  (32) 

where  u  is  a  function  of  geometrical  and  mechanical  properties  of  the  plate  only  (i.e.,  u  is 
independent  of  initial  impact  parameters) .  This  expression  is  motivated  by  the  fact  that  the 
portions  of  the  pressure  wall  plate  that  are  impacted  by  the  debris  clouds  will  respond 
hydrodynamically  to  the  debris  cloud  loadings.  Consider  a  generic  one-dimensional  stress-strain 
curve  and  a  generic  hydrostatic  curve  superimposed  on  a  single  set  of  axes  as  shown  in  Figure 
4.  Let  and  be  the  strains  that  exist  in  the  pressure  wall  plate  due  to  loading  conditions 
"1"  and  "2".  A  purely  elastic  analysis  of  place  response  would  result  in  corresponding  stress 
states  0,1,1  ^<11.21  respectively.  However,  if  the  response  is  hydrodynamic  in  nature,  then 
the  actual  stress  states  would  be  an'3  v«ct.2  2is  shown.  Because  o,i,i  and  0,13  are  obtained 
from  a  linear,  elastic  analysis,  we  have 


a 

a 


el.l 
si.  2 


(33) 


If  the  hydrostat  is  assumed  to  be  nearly  linear,  then  it  also  follows  that 


o 


o 


act.  1 
act, 2 
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Combining  equations 


(33)  and  (34)  yields 


o 


o 


ace,  1  ^ 

act,  2 


gel,  I 

OeJ.2 


(34) 


(35) 


which  leads  directly  to  equation  (32). 

If  the  actual  stress  at  the  origin  exceeds  some  critical  value,  then  the  plate  is  assumed  to 
be  perforated.  If  the  critical  value  is  assumed  to  be  some  multiple  of  the  ultimate  strength 
of  the  plate  material,  then  if 

Oart  2  y<^ult  (36) 

the  plate  will  be  perforated.  Substituting  for  according  to  equation  (32)  into  equation 
(36).  we  obtain  the  following  condition  for  plate  perforation; 

Orlr-o  ^  (37) 

where  X“7/‘^  is  3  constant  for  a  given  system  configuration  and  pressure  wall  material. 
Computations  of  the  stresses  at  the  origin  were  made  by  adapting  the  analytical  model  to  a 
FORTRAN  77  program  and  running  the  program  on  the  Alabama  Supercomputer  Network  CRAY  X-MP/24. 
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In  all  cases,  the  materials  of  the  pressure  wall,  the  projectile,  and  the  bumper  were  aluminum. 
In  the  numerical  calculations,  E-0.7X10'^  N/m^,  u-0.35,  pp-p,-2768,0  kg/m^,  o„;t-0 . 31X10’  N/m^, 
S-10.16  cm,  t„-0.318  cm,  and  R-50  cm.  The  diameters  of  the  projectile  were  chosen  to  be  0.475, 
0.635,  0.795,  and  0.953  cm;  the  impact  velocities  of  the  projectile  were  4.0,  5.5,  and  7.0 
kra/sec .  Results  were  obtained  for  trajectory  obliquity  angles  of  30",  45',  60',  and  65'  and  are 
presented  in  Figures  5-8. 


COMPARISON  WITH  EXPERIMENTAL  DATA 

Figures  5-8  show  the  results  obtained  using  the  analytical  model  developed  herein  for  the 
various  impact  parameters  considered.  The  results  are  presented  in  terms  of  whether  or  not 
pressure  wall  perforation  had  occurred.  A  hollow  circle  represents  a  perforation;  a  solid 
circle  represents  an  unperforated  pressure  wall.  Superimposed  on  the  analytical  results  are 
experimentally  obtained  ballistic  limit  curves  (Coronado  et  ai ,  1987;  Schonberg  et  al,  1991). 
It  is  noted  that  these  curves  are  merely  lines  of  demarcation  between  regions  of  parameter 
combinations  leading  to  perforation  (above)  or  no  perforation  (below) .  Whether  or  not  the 
pressure  wall  was  perforated  was  determined  using  the  criterion  given  by  equation  (37).  In 
order  to  be  able  to  use  equation  (37),  a  value  of  x  had  to  be  chosen.  After  performing  the 
required  calculations,  it  was  determined  that  if  a  value  of  x“0-25  was  used  in  equation  (37), 
then  the  analytical  predictions  lined  up  very  well  with  the  experimental  results. 

For  impact  obliquities  30"  and  45"  (Figures  5  and  6,  respectively),  a  comparison  of  the  results 
obtained  by  the  analytical  model  with  the  ballistic  limit  curves  obtained  from  the  experiments 
shows  very  good  agreement.  All  of  the  projectile  diameter  and  impact  velocity  combinations  that 
result  in  pressure  wall  perforation  lay  above  the  experimental  ballistic  curve  while  all  those 
that  do  not  lay  on  or  below  it.  For  an  impact  obliquity  of  65*  (Figure  8),  the  results  of  the 
analytical  model  also  compare  very  well  with  ballistic  limit  curve  obtained  by  the  Boeing 
Aerospace  Company  (Coronado  et  al ,  1987)  for  the  same  trajectory  obliquity.  In  the  case  of  a 
60"  impact  (Figure  7),  there  is  very  little  experiment  data  available.  However,  the  results 
predicted  by  the  analytical  model  show  no  contradiction  with  the  available  experimental  data. 
In  fact,  the  analytical  results  provide  information  that  complements  the  existing  data. 


CONCLUSIONS 

An  analytical  model  was  developed  to  predict  the  response  of  dual-wall  structures  to  orbital 
debris  particle  impact.  The  analysis  was  performed  in  three  stages.  In  the  first  stage,  a 
general  theory  of  thin  plate  response  to  an  impulsive  asymmetric  velocity  distribution  was 
developed.  In  the  second  stage,  this  theory  was  applied  to  the  analysis  of  the  response  of  a 
pressure  wall  plate  in  a  dual-wall  structure  under  the  Impacts  of  the  asymmetric  projectile  and 
bumper  plate  secondary  debris  clouds.  In  the  final  stage,  a  series  of  ballistic  limit  curves 
that  indicate  the  likehood  of  pressure  wall  perforation  due  to  an  oblique  hypervelocity  impact 
was  developed  and  verified  for  a  variety  of  impact  parameters.  Based  on  the  results  obtained 
and  the  subsequent  comparison  with  experimental  results,  the  model  that  has  been  developed 
appears  quite  capable  of  predicting  the  ballistic  limit  curves  of  an  aluminium  dual— wall  system 
for  a  variety  of  trajectory  obliquities. 
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APPENDIX:  CALCULATION  OF  SECONDARY  DEBRIS  CLOUD  CHARACTERISTICS 
IN  AN  OBLKJUE  HYPERVELOCITY  IMPACT 


Conservation  Equations 

Recall  the  dual-wall  structure  shown  in  Figure  1.  The  quantities  V^,  Vj  and  V^  are  the  axial 
velocities  of  the  various  debris  clouds  travel;  the  parameter  V,  characterizes  the  average 
radial  expansion  velocity  of  the  three  debris  clouds.  The  following  sections  describe  a  method 
that  allows  us  to  calculate  Mi,  and  Vj  (i— 1,2  and  r) .  as  functions  of  the  initial  impact 
parameters  Mj,,Vj,  and  6^. 

Applying  conservation  of  momentum  before  and  after  the  initial  impact  of  the  projectile  on  the 
bumper  plate  in  the  vertical  and  horizontal  directions,  we  arrive  at  the  following  equations: 

MpVpCosQp  =  WiViCosOi  WjVjCOsej  *  M^v^sinQ^  (A.l) 

MpUpSin0p  =  XVjSinOi  +  WjVjSin0,  -  WjVj.cos0^  (A. 2) 

Assuming  chat  no  mass  is  lost  in  the  initial  impact,  the  principle  of  mass  conservation  yields 

Mp  ^  Ml  =  *  M-  *  M,  iA.2) 

where  M,  is  the  mass  of  the  material  that  is  punched  out  in  the  creation  of  the  hole  in  the 
bumper  plate,  and  is  calculated  by  noting  chat  for  the  trajectory  obliquities  considered,  the 
bumper  plate  hole  is  elliptical  (Schonberg  et  ai,  1991): 

(A.  A) 


The  quantities  ^nd  are  the  lengths  of  the  minor  and  major  axes  of  the  bumper  plate  hole 
and  were  calculated  using  the  empirical  equations  Schonberg  et  al  (1991).  It  is  noted  that 
these  equations  were  derived  from  hypervelocity  Impact  tests  in  which  spherical  aluiDinua 
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projectiles  impacted  thin  aluminum  plates.  Hence,  while  the  general  methodology  described 
herein  may  be  valid  for  other  materials  besides  aluminum,  the  use  of  empirical  equations  based 
on  tests  employing  aluminum  plates  renders  this  specific  analysis  valid  only  for  spherical 
aluminum  projectiles  impacting  aluminum  dual-wall  structures. 

Equations  (A.1)-(A.3)  constitute  a  system  of  3  equations  in  9  unknowns  which  must  be  solved  for; 
3  debris  cloud  masses,  3  axial  velocities,  3  center-of -mass  trajectories.  An  additional  unknown 
exists  in  the  form  of  the  average  radial  expansion  velocity  of  the  debris  clouds  V,,  which  must 
also  be  solved  for.  The  solution  process  is  facilitated  by  utilizing  experimental  observations 
from  high-speed  impact  tests  of  aluminum  dual-wall  structures  to  determine  several  of  the 
unknowns  in  equations  (A.1)-(A.3).  The  remaining  unknowns  can  then  be  determined  in  closed 
form.  Once  this  is  accomplished,  an  additional  equation  can  be  introduced  to  solve  for  V,. 
The  process  by  which  this  is  done  is  described  in  the  following  sections. 


Trajectory  Angles 

The  angles  Sj  and  initially  increase  as  is  increased  (Schonberg  et  al,  1991).  This 
continues  until  a  critical  value  of  B^,  is  reached  beyond  which  #i  and  #2  decrease  with  continued 
increases  in  B^.  This  kind  of  behavior  is  very  difficult  to  predict  analytically  without 
resorting  to  an  advanced  shock  physics  analysis.  As  a  result,  the  analytical  prediction  of  this 
behavior  is  beyond  the  scope  of  the  present  work  and  empirical  equations  are  used  to  calculate 
values  of  Bi  and  B2  as  functions  of  the  intial  impact  parameters.  These  equations  are  given 
in  Schonberg  et  al  <'1991).  The  trajectory  of  the  center-of -mass  of  the  ricochet  debris  cloud 
has  been  observed  to  decrease  monotonically  with  increasing  values  of  trajectory  obliquity. 
The  following  empirical  equations  can  be  used  to  calculate  the  value  of  for  a  given  value 
of 
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Debris  Cloud  Masses 


The  three  unknown  debris  cloud  masses  are  calculated  by  systematically  distributing  the  mass 
of  the  projectile  and  the  mass  of  the  bumper  plate  material  that  is  punched  out  by  the  initial 
impact  among  the  three  debris  clouds  and  then  invoking  the  conservation  of  mass  equation, 
equation  (A. 3).  This  distribution  process  is  accomplished  as  follows. 

First,  it  is  noted  that  as  r^  increases,  the  amount  of  material  in  the  normal  and  in-line  debris 
clouds  monotonically  decreases  while  that  in  the  ricochet  debris  cloud  steadily  increases 
(Schonberg  et  al,  1991).  Furthermore,  it  has  been  hypothesized  that  the  material  in  the  normal 
debris  cloud  is  primarily  bumper  plate  material,  while  the  material  in  the  in-line  debris  cloud 
is  primarily  projectile  material  (Burch,  1967).  The  obliquity  of  the  initial  impact  on  the 
bumper  plate  also  raadates  that  the  in-line  and  ricochet  debris  clouds  contain  a  portion  of  the 
bumper  plate  material.  Based  on  these  observations,  we  postulate  the  following  functional  forms 
of  Ml  and  M2: 

Wj  =  i^OS"0p  (A.  6) 

M2  =  ~  ^)cos'’0p  +  MpCOs"Q^  (A. 7) 

where  M(  is  the  mass  of  bumper  plate  material  that  would  be  ejected  in  a  normal  impact  at  a 
reduced  velocity  V'<Vp,  ie.,  M, -M,( 9^,-0°, V^-V' )  ,  and  02  is  that  fraction  of  the  ejected  bumper 
plate  material  in  the  in-line  debris  cloud.  These  forms  satisfy  the  requirement  that  the  debris 
cloud  masses  decrease  as  B^,  increases  and  do  not  violate  the  hypotheses  regarding  the  origins 
of  the  material  in  the  respective  debris  clouds.  The  values  of  the  exponent  n  and  the 
coefficient  02  are  adjusted  so  that  the  final  preditions  for  the  debris  cloud  spread  angles 
based  on  this  analysis  procedure  compare  well  with  those  obtained  using  empirical  predictor 
equations  for  debris  cloud  spread  angles  (Schonberg  et  al,  1991).  Thus,  the  solution  process 
proposed  herein  becomes  an  iterative  one,  requiring  initial  estimates  for  n  and  a2  which  are 
then  modified  based  on  subsequent  comparisons  with  empirical  Information. 

The  reduced  velocity  V'  used  to  calculate  the  mass  of  bumper  plate  material  in  the  'normal' 
debris  cloud  is  taken  to  be  the  normal  component  of  the  original  impact  velocity.  Any  material 
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in  excess  of  that  which  such  a  normal  impact  would  produce  is  allocted  to  the  'in-line'  and 
ricochet  debris  clouds.  Therefore,  the  reduced  velocity  V'  is  given  by 

l/'  =  t]  VpCOsep  (A.  8) 

where  r;  is  a  correction  factor  that  is  also  adjusted  so  that  the  final  predictions  for  debris 
cloud  spread  angles  based  on  the  analysis  procedure  presented  herein  compare  well  with  those 
obtained  using  empirical  predictor  equations.  Substitution  of  equations  (A. 6)  and  (A. 7)  into 
equation  (A. 3)  results  in  the  following  expression  for  the  mass  of  the  ricochet  debris  cloud: 

Wp  =  (l-ttj)  {Mi-M})cos”Qp  +  (l-cos'’ep)  (A. 9) 

These  calculations  and  assumptions  allow  M,,  M2,  and  Mj  to  be  treated  as  known  quantities  which 
reduces  the  number  of  unknowns  to  three.  Since  one  of  the  equations  was  used  in  the  preceding 
analysis,  we  now  have  a  system  of  two  equations  in  three  unknowns  (Vi,V2,  and  V^). 


Debris  Cloud  Axial  Velocities 

Since  the  'normal'  debris  cloud  is  assumed  to  contain  only  bumper  plate  material  and  the  mass 
of  that  material  is  calculated  assuming  a  normal  impact,  the  method  for  calculating  its  velocity 
is  based  on  a  procedure  currently  utilized  for  calculating  debris  cloud  velocities  in  normal 
impacts  of  thin  plates.  This  procedure  is  summarized  in  the  following  paragraph. 

The  initial  normal  impact  of  a  projectile  on  a  thin  plate  produces  a  shock  wave  that  undergoes 
reflection  at  the  rear  surface  of  the  plate.  An  elementary  shock  wave  propagation  analysis 
indicates  that  the  velocity  of  the  rear  surface  at  the  moment  of  reflection  is  equal  to  twice 
the  particle  velocity  of  the  plate  material  as  the  shock  wave  passes  through  the  plate.  For 
a  normal  impact  of  an  aluminum  projectile  on  an  aluminum  plate,  particle  velocity  is  equal  to 
one-half  of  the  impact  velocity.  Hence,  a  simple  substitution  shows  that  for  the  particular 
projectile  and  bumper  plate  materials  under  consideration,  under  normal  impact,  the  velocity 
of  the  rear  surface  of  the  plate  is  equal  to  the  initial  normal  impact  velocity.  Since  the 
reflection  of  the  shock  wave  from  the  rear  surface  causes  the  plate  material  to  fragment  and 
thereby  creates  the  debris  cloud,  the  presumption  is  made  that  the  axial  velocity  of  the  debris 
cloud  created  by  the  normal  impact  is  equal  to  the  velocity  of  the  rear  surface  of  the  plate. 

Applying  this  to  the  problem  at  hand,  since  the  normal  velocity  assumed  to  create  the  'normal' 
debris  cloud  is  given  by  V' ,  then  the  axial  velocity  of  the  'normal'  debris  cloud  is  also  given 
by  V' ,  that  is , 

=  n^pCosOp  (A.  1C) 

We  are  now  left  with  a  system  of  two  equations  in  two  unknowns,  and  .  This  system  is 
solved  explicitly  with  the  following  results; 

Vj  =  [WpVpCOS  (0p-0j)  -  A?jV'jCOS  (0,-0,)  ]  /  M2COS(02-0^)  (a. 11) 

=  [NpVpSindp  -  M^V^sinO^  -  M^V^sind^]  /  M^cosd^  (A.  12) 

Thus,  all  of  the  unknowns  in  equations  (A.1)-(A.3)  are  now  determined.  The  final  unknown  to 
be  determined  is  V,.  The  procedure  by  which  it  is  found  is  discussed  in  the  next  Section. 


Debris  Cloud  Radial  Expansion  Velocity 

If  we  apply  the  principle  of  energy  conservation  before  and  after  the  initial  impact  of  the 
projectile  on  the  bumper  plate,  we  have  the  following  symbolic  equation: 

=  X-E- debris  *  (A.  13) 

where  the  initial  kinetic  energy  is  that  of  the  incoming  projectile,  the  kinetic  energy  of  the 
debris  clouds  is  that  due  to  their  axial  motion  and  expansion,  and  the  kinetic  energy  that  is 
lost  is  due  to  the  irreversible  processes  that  occur  during  the  initial  impact  such  as  material 
heating,  light  flash,  etc.  If  the  energy  that  is  lost  is  written  as  some  fraction  f  of  the 
initial  impact  energy,  then  writing  the  kinetic  energy  of  the  projectile  and  the  debris  clouds 
in  standard  form  yields  the  following: 

(1-5)  WpV“/2  =  vl/2*  /2  (A. 14) 

The  term  on  the  left  hand  side  of  equation  (A. 13)  may  be  regarded  as  the  energy  available  for 
debris  cloud  motion  and  expansion.  The  parameter  ^  is  adjusted  so  that  the  final  predictions 
for  debris  cloud  spread  angles  based  on  the  analysis  procedure  presented  herein  compare  well 
with  those  obtained  using  empirical  predictor  equations.  Since  the  only  unknown  in  equation 


Response  of  space  structures 


(A. 18)  is  V,,  the  solution  for  the  final  unknown  is  immediate: 


(A. 15) 


Validation  of  Analysis 


The  validity  of  the  proposed  method  of  solution  for  the  ten  unknovms  that  characterize  the 
debris  clouds  created  as  a  result  of  an  oblique  hypervelocity  impact  of  a  thin  plate  (as  well 
as  all  the  attendant  assumptions)  is  assessed  by  comparing  the  predictions  of  debris  cloud 
spread  angles  with  experimental  results.  Once  the  various  debris  cloud  velocities  have  been 
obtained  using  the  method  proposed  herein,  the  spread  angles  of  the  'normal'  and  'in-line' 
debris  clouds  can  be  found  using  simple  trigonomentry  as 


(A. 16) 


The  empirical  values  of  the  debris  cloud  spread  angles  are  found  using  the  empirical 
relationships  in  Schonberg  et  aJ  (1991). 

Table  A-1  presents  an  error  summary  showing  average  percent  differences  between  prediction  and 
experiment  for  the  various  impact  trajectories  and  obliquities  considered.  For  each  spread 
angle,  the  first  column  shows  the  average  difference  between  prediction  and  experiment;  the 
second  column  shows  the  standard  deviations  of  the  averages.  As  can  be  seen  from  this  Table, 
the  values  of  the  spread  angles  that  result  from  the  calculations  described  herein  are  very 
close  to  the  experimental  values.  Naturally,  the  values  of  the  parameters  Oj'  9-  "  have 
been  adjusted  to  ensure  that  the  predictions  and  empirical  results  are  closely  matched.  A 
summary  of  the  empirical  parameter  values  used  is  presented  in  Tables  A- 2  to  A-4. 


Table  A-2.  Empirical  Parameters  for  S  -30° 

P 


Table  A-1.  Error  Summary  for  Debris  Cloud  Angles 


Table  A-3.  Empirical  Parameters  for  9^-45° 


Table  A-4.  Empirical  Parameters  for  B  -60° 
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Figure  3  .  Geometric  Considerations  for  Debris  Cloud  Impacts  Figure  4.  Generic  UniHial  Sirees-Strain  and  Hydroaui  Curves 
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Figure  5.  Comparison  of  Analytical  Predictions 
With  Experimental  Results.  30-deg  impact  Angle 
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Figure  6.  Comparison  of  Analytical  Predictions 
With  Experimental  Results,  45-deg  Impact  Angle 
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Figure  7.  Comparison  of  Analytical  Predictions 
With  Experimental  Results.  60-deg  Impact  Angle 
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Figure  8.  Comparison  of  Analytical  Predictions 
With  Experimental  Results,  6S-deg  Impact  Angle 
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ABSTRACT 

Laboratory  impact  experiments  demonstrate  that  the  presence  of  an  atmosphere  can  significandy  retard 
late-stage  crater  growth  due  to  the  combined  roles  of  static  (ambient)  and  dynamic  (aerodynamic)  forces 
acting  on  the  ballisdc  flow  field.  Drag  forces  limit  growth  by  decelerating  ejecta  particles  and  by 
retarding  the  outward  advance  of  the  ballistic  ejecta  curtain.  Because  craters  first  grow  downwai  I  then 
outward,  arresting  crater  growth  prematurely  not  only  reduces  cratering  efficiency  but  also  reduces  the 
diameter-depth  ratio.  Under  high  atmospheric  pressures  and  densities,  the  resulting  oversteepened  crater 
profile  in  low-cohesion,  fine-grained  targets  collapses  after  maximum  growth.  Observed  reductions  in 
cratering  efficiency  and  crater  diameter  can  be  accommodated  by  replacing  gravity  with  the  drag  force  in 
gravity-controlled  scaling  relations.  Such  scaling  relations  suggest  that  the  atmosphere  should  play  a 
significant  role  in  reducing  crater  size  under  the  dense  atmosphere  of  Venus. 


INTRODUCTION 

The  wide  range  of  impact  conditions  on  different  planetary  surfaces  create  mega-laboratories  for  testing 
concepts  of  the  cratering  process.  Such  "experiments",  however,  only  preserve  the  outcome  without 
specific  information  on  impactor  properties  or  processes.  Since  the  exU'eme  range  in  environmental 
variables  (gravity,  atmospheric  pressure)  greatly  exceed  the  range  in  possible  impactor  properties,  at  least 
first-order  conclusions  can  be  reached  by  recognizing  key  signatures.  For  example,  the  high  atmospheric 
density  (0.1  g/cm^)  and  gravity  (870  cm/s^)  on  Venus  result  in  distinctive  crater  morphc’ogies  that  can 
be  explained  by  energy  partitioning  processes  with  the  atmosphere  from  before  the  moment  of  impact  to 
long-lived  disturbances  well  after  crater  formation  (Phillips  e/  al.,  1991;  Schultz,  1992a).  Figure  1 
underscores  this  contrast  by  comparing  a  100  km-diameter  crater  on  the  Moon  (vacuum,  low  gravity  of 
162  cm/s^)  with  a  50  km-diameter  crater  on  Venus.  The  factor  of  two  difference  in  size  has  been  selected 
in  order  to  compare  the  consequences  of  similar  ejecta  impact  velocities  at  the  same  crater-scaled  range  in 
the  different  gravitational  fields. 

Laboratory  experiments  cannot  be  used  to  directly  simulate  all  aspects  of  the  formation  of  a  50  km- 
diameter  crater,  regardless  of  the  planetary  environment.  Experiments  instead  can  reveal  controlling 
processes  and  their  signatures  at  different  stages  of  formation.  Early  studies  of  explosion  cratering 
(Chabai,  1965, 1977;  Johnson  el  al.,  1969)  viewed  the  effect  of  an  atmosphere  as  a  static  pressure  term 
added  to  the  lithostatic  overburden.  Subsequent  studies  (Herr,  1971;  Holsapple,  1980)  concluded  that 
atmospheric  pressure  plays  a  relatively  minor  role,  particularly  as  scale  increases.  More  recent  studies 
(Schultz,  1992b  and  c),  however,  revealed  that  atmospheric  density  and  target  particle  properties  (size  and 


[■li:.  1.  Comparison  of  Uic  100  km-diamcter  crater  Copcniicus  (left)  on  iJic  NKwn  and  a  ()0  km  crater  on 
\  onus  (right).  The  atmosphere  on  Venus  prevenLs  ballistic  ejecui  from  traveling  beyond  a  crater  radius 
from  Uie  run. 

icn.siiy)  con  reduce  cratering  efficiency  hy  as  much  as  an  order  of  magnitude  as  dramatized  in  Fig,  2, 
Con.sequently,  use  of  dimensionless  scaling  ratios  without  recognition  of  ilic  controlling  processes  may 
fail  to  characterize  fully  die  role  of  the  atmosphere  at  laboratory  .scales  and  may  mi.ss  the  importance  at 
larger  scales. 

Table  1  summarizes  the  competing  forces  between  the  cratering  flow'  field  and  the  atmosphere.  The 
cratering  flow  field  can  be  characterized  by  either  an  Euler  number  (ratio  of  pressure  to  inertial  forces)  for 
crater  excavation  limited  by  target  suength  or  an  inverse  Froude  number  (ratio  of  gravity  to  inertial 

TABLE  1 .  Sur.iiiiary  of  IWcs.scs  Aflccliiig  Crater  Grow  ih  m  on  Auiiosplicre 
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forces)  for  excavation  limited  by  "strengthless”  ballistic  flow.  The  presence  of  an  atmosphere  introduces 
a  different  set  of  resisting  forces  to  the  cratering  flow  field.  If  static  ambient  pressure  simply  adds  to  the 
lithostatic  overburden  (Chabai,  1965),  then  it  resembles  a  strength  term  (i.e.,  an  Euler  number  depicting 
atmospheric  interactions).  During  crater  growth,  however,  the  ejecta  curtain  represents  an  extension  of 
the  material  flow  field  in  the  target.  As  the  ejecta  curtain  moves  outward  as  an  extension  of  the  growing 
cavity  lip,  dynamic  forces  act  on  both  the  ensemble  of  ejecta  and  individual  ejecta  particles;  consequently, 
two  Froude-scaling  relations  for  dynamic  forces  need  to  be  considered.  The  Reynolds  number  (ratio  of 
inertial  to  viscous  forces)  also  enters  through  the  drag  coefficient  at  the  particle-interaction  scale.  At  the 


Fig.  2.  Comparison  of  atmospheric  effects  on  cratering  efficiency  (displaced  target  mass  divided  by 
impactor  mass)  for  different  particulate  targets  distinguished  principally  by  grain  size  and  density  (see 
Table  2).  Different  atmospheric  densities  are  represented  (i.e.,  d'^'-rent  atmospheric  gases).  "Modified" 
data  (in  parentheses)  indicate  craters  that  have  undergr  .it  clcai  rim-wall  collapse.  From  Schultz  (1992b). 


scale  of  the  advancing  ejecta  curtain,  however,  the  Reynolds  number  is  high  enough  (>  1000)  that  the 
drag  coefficient  can  be  approximated  by  the  value  for  a  flat  plate  (i.e.,  Cd  =  2).  Scaling  of  a  laboratory 
model  is  then  possible  provided  that  the  density  ratio  between  the  flow  and  resisting  atmosphere  is 
inttoduced  (Mellor,  1978). 

The  following  discussion  reviews  the  various  processes  observed  in  laboratory  experiments  including 
evolution  of  the  ejecta  curtain,  crater  shape,  wake-blast  effects,  and  total  cratering  efficiency.  These 
observations  are  then  placed  in  context  of  scaling  formulations  presented  in  Table  1.  Lastly,  possible 
signatures  of  aunospheric  effects  at  much  larger  planetary  scales  arc  briefly  considered. 


ATMOSPHERIC  EFFECTS  ON  CRATER  EXCAVATION 

The  presence  of  an  atmosphere  may  modify  energy  transfer  between  impactor  and  target  through  complex 
shock  interactions  (Gault  and  Sonett,  1982)  or  effects  of  accompanying  ionized  gas  in  the  leading  aircap 
or  trailing  ionized  wake  (Schultz,  1992b).  Energy  partitioned  to  such  gas  dynamic  effects,  however, 
represents  a  relatively  small  fraction  of  the  total  impactor  kinetic  energy  transferred  to  the  target. 
Consequently,  emphasis  here  focuses  on  late-time  atmospheric  effects  that  modify  or  arrest  the  ballistic 
cratering  flow  field  established  at  much  earlier  times.  Four  different  target  types  have  been  used  with 
contrasting  constituent  grain  sizes,  densities,  and  cohesion  (internal  angle  of  friction)  as  summarized  in 
Table  2.  This  range  in  target  properties  allows  recognizing  the  controlling  processes  associated  with 
crater  growth  in  an  atmosphere. 


P  H  S<  mil/ 


Table  2.  Target  Properties 


Type 

Grain  Sizes*,  pan 

20%  50% 

80% 

Bulk 

Density,** 

g/cm^ 

Internal 

Angle  of 
FricUon^ 

Pumice 

120 

81 

26 

1.52 

>80’ 

(compacted) 

Microspheres 

130 

97 

65 

0.4 

-20' 

No.  140-200 

145 

125 

89 

1.55 

-30- 

Sand 

No.  24 

620 

457 

320 

1.70 

-30" 

*Si2e  of  ejecta  where  cumulative  fraction  (by  weight)  is  coarser  than  percentage  given.  For 
example,  20%  (by  weight)  of  the  grains  comprising  pumice  are  larger  than  120  pm  with  most 
(80%)  larger  than  26  pm. 

**Bulk  density  for  pumice  refers  to  compacted  pumice  used  in  this  study.  Uncompacted 
pumice  exhibits  a  density  of  1.3  g/cm^  and  results  in  clumping  of  ejecta. 

'*^intemal  angle  of  friction  refers  to  the  .'naximum  slope  that  is  stable  against  collapse  and 
reflects  the  cohesion  (a  measure  of  strength)  for  particulate  targets. 


Experimental  Conditions: 

The  experiments  were  performei  at  the  NA^  A-Ames  Vertical  Gun  Range,  a  national  facility  supported  by 
the  Planetary  Geology  and  G.-ophysics  Program  and  managed  jointly  through  NASA  Ames  Research 
Center  and  the  Lunar  and  Planetary  Institute.  The  large  impact  chamber  (2.5  m  x  2.5  m)  and  variable 
impact  angle  (from  horizontal  to  vertical  in  15®  increments)  allows  unique  experiments  exploring 
processes  where  gravity  is  important  (e.g.,  gravity-limited  crater  growth  and  low  strength  target  materials 
such  as  sand  and  water)  or  where  a  large  chamber  is  essential  (e.g.,  impact  vapor  cloud  expansion  and 
impact-induced  magnetic  fields). 

Three  launch  capabilities  provide  impact  velocities  from  0.03  to  7  km/s  for  a  variety  of  projectile  types. 
A  tv  o-stage  light  gas  gun  launches  0. 1 59  cm  to  0.635  cm  spheres  or  cylinders  and  their  polyethylene 
sabots  from  3  km/s  to  7  km/s,  whereas  a  powder  gun  covers  the  velocity  range  from  0.5  to  2.5  km/s. 
Because  of  the  relatively  short  launch  distance,  rifling  in  the  launch  tube  induces  a  spin  that  separates  the 
split  sabot  from  the  projecdle  by  centrifugal  force.  Projectile  velocity  and  integrity  are  determined 
electronically  and  photographically  from  three  velocity  stations  downrange  from  a  sabot  separation  and 
capture  chamber.  In  addition,  an  air  gun  capable  of  launching  1.5  cm  objects  allows  exploring  the  very 
low  velocity  range  (below  300  m/s). 

The  impact  chamber  is  s;owly  evacuated  to  about  0.5  Tort  and  then  refilled  with  the  desired  non-reactive 
(helium,  argon,  carbon  dioxide,  ni"ogcn)  gases  in  order  to  avoid  combustible  mixing  with  hydrogen  from 
the  two-stage  light  gas  gun.  Spectra  of  ionized  gases  above  the  impact  reveal  that  little  (if  any)  residual 
air  was  retained  within  the  target  The  powder  gun.  however,  is  operated  with  air  as  well  as  other  gases 
in  the  impact  chamber.  A  thiii  .mylar  diaphragm  is  placed  at  the  end  of  the  launch  tube  for  light-gas  and 
powder  gun  experiments  in  order  to  allow  a  clean  launch  and  to  assess  diagnostics  under  vacuum 
conditions.  This  procedure  limits  projectiles  to  ductile  materials  with  high  tensile  strength,  such  as 
aluminum,  steel,  or  polycUiylcne  since  pyrex  projectiles  shatter  during  pas.<^gc  through  the  diaphragm 
(see  Schultz  and  Gault,  1985).  Comparisons  between  craters  formed  under  vacuum  conditions  with  and 
without  an  atmosphere  confirm  the  minimal  effect  of  the  mylar  diaphragm  on  projectile  velocity  and 
integrity  for  the  selected  projectiles.  Impact  velocity  at  the  target  surface  is  calculated  using  the  standard 
dreg  formula  as  further  confirmed  through  the  use  of  high-framc-ratc  cameras  (35,(XX)  frames  per  second). 


Target  buckets  60  cm  in  diameter  and  15  cm  deep  contain  the  paniculate  target  materials.  Shaking  and 
compacting  such  targets  prior  to  each  shot  minimize  the  pore  space.  All  targets  undergo  vacuum  purging 
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prior  to  each  series  of  experiments.  Pumice  targets,  however,  are  further  compressed  by  standing  on  a 
flat  plate  on  the  surface.  With  such  procedures,  the  calculated  porosity  of  the  various  targets  approached 
similar  values  (see  Table  2).  Uncompacted  pumice  was  found  to  have  a  density  of  1.28  g/cm^  and 
resulted  in  large  ejecta  clumps  that  minimized  aerodynamic  drag  effects.  Nevertheless,  impacts  under 
vacuum  conditions  revealed  no  effects  of  any  residual  gases  still  trapped  in  the  pore  spaces.  Removal  of 
shocked  and  comminuted  ejecta  from  within  the  crater  and  from  the  exterior  surface  after  each  experiment 
maintained  a  relatively  "fresh"  target.  Consistency  of  the  data  over  a  long  time  period  (years)  validates 
this  approach. 


Ejecta  Curtain  Evolution: 

During  late-stage  gravity-controlled  crater  growth,  ballistic  ejecta  form  a  thin  wall  (or  "curtain")  of  debris 
tied  to  the  lip  of  the  widening  cavity  (see  Gault  et  al.,  1968).  The  contrasting  effects  of  an  atmosphere 
on  the  ejecta  curtain  profile  is  illustrated  in  Fig.  3.  Each  shade  of  grey  represents  crater  growth  after  7.5 
ms,  15  ms,  30  ms,  60  ms.  120  ms,  and  240  ms.  Images  were  created  by  computer  digitizing  the  film 
record  and  digitally  subtracting  selected  frames.  Consequently  each  image  provides  a  condensed  summary 
of  the  film  record.  During  crater  growth,  the  curtain  angle  increases  with  increasing  atmospheric 
pressure.  After  crater  formation,  the  ballistic  curtain  bulges  at  its  base  and  actually  appears  to  advance 
more  rapidly  than  the  curtain  under  vacuum  conditions.  Since  this  distinctive  response  is  observed  for 
impact  angles  as  low  as  10  m/s,  it  does  not  reflect  the  effects  of  atmospheric  heating.  Rather,  the 
bulging  reflects  in  part  the  response  of  the  atmosphere  to  the  advancing  curtain  (see  Schultz.  1992c). 


Fig.  3.  Comparison  of  lime  history  of  1.5  km/s  impacLs  by  0.635 
cm-diamcicr  aluminum  spheres  into  pumice  under  vacuum 
(Fig.  3a)  and  a  1  bar  aunospherc  of  air  (Fig.  3b). 

Evolution  of  the  ejecta  curtain  angle  (with  respect  to  the  target  surface)  depends  on  target  type  and 
different  atmospheric  densities.  Use  of  helium  allows  differentiating  between  the  effects  of  pressure  and 
density,  as  well  as  sound  speed.  Under  high  atmospheric  densities  (at  1  bar  of  air)  the  ejecta  curtain  is 
more  vertical  (>60")  and  increases  in  angle  with  time  (Schultz,  1992c).  As  an  extension  of  the  growing 
cavity  wall,  such  ejection  angles  (corresponding  to  the  curtain  angle)  greatly  exceed  the  angle  of  repose 
once  motion  has  cea.sed.  Under  the  identical  pressure  of  helium,  however,  curtain  angles  (<45‘)  resc  ible 
air  at  the  same  density  (air  at  reduced  pressure).  Curtain  angle  is  affected  to  a  greater  degree  for  pumice 
and  microsphere  targets,  which  contains  significantly  smaller  grain  sizes  relative  to  the  140-200  sand. 

The  effect  of  atmospheric  pressure  on  the  growth  of  the  ejecta  curtain  with  time  is  shown  in  Fig.  4.  The 
base  diameter  of  the  ejecta  curtain  (Fig.  4a)  was  measured  above  the  inflection  point  al  the  same  height  in 
each  image  of  a  high  frame-rale  NOVA  camera,  whereas  the  overall  curtain  diameter  was  measured  at  a 
common  height  of  10  cm  above  the  surface.  Figure  4a  reveals  that  the  diameter  of  the  curtain  near  the 
surface  grows  more  rapidly  at  higher  pressures.  The  basal  bulge  is  believed  to  reflect  turbulence  generated 
by  the  outward-  noving  ballistic  curtain.  Above  the  surface,  the  curtain  under  high  chamber  pressure  also 
moves  outward  ahead  of  the  curtain  relative  to  low  chamber  prc.s.surc.  but  ceases  to  advance  after  only  60 
milliseconds,  ell  before  the  lime  required  for  crater  formation  in  a  vacuum  (~  1.50  ms). 
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Fig.  4a.  Evolution  of  the  base  of  the  ejecta  curtain  for  S.S  km/s 
impacts  into  pumice  targets  by  0.635  cm-diameter  aluminum 
spheres  under  different  density  atmospheres  (argon). 


Tima  SInca  Impact  (ms) 

Fig.  4b.  Ejecta  curtain  diameter  measured  10  cm  above  the  surface. 

Gas  dynamic  forces  su>p  advance  of  ejecta  curtain  before  crater 
completion  expected  for  vacuum  conditions. 


Figures  3  and  4  demonstrate  that  atmospheric  density  rather  than  pressure  controls  ejecta  curtain 
evolution.  Moreover,  the  greater  effect  on  craters  produced  in  pumice  and  microspheres  having  the 
smallest  particles  indicates  that  dynamic  pressure  acting  on  the  ejecta  and  ejecta  curtain  plays  a 
controlling  role. 


Crater  Profile: 

The  observed  systematic  changes  in  ejecta  curtain  evolution  with  atmospheric  density  and  target  type  can 
be  correlated  with  changes  in  crater  profile  (Fig.  5a).  The  aspect  ratio  for  craters  in  sand  increases  (craters 
become  shallower)  with  increasing  density,  whereas  it  decreases  for  craters  in  pumice.  Lower  density 
atmosphere  (helium  atmosphere)  reduces  this  effect  for  sand.  The  steepening  ejection  angles  with 
increasing  atmospheric  density  (Fig.  3b),  however,  indicate  that  the  excavation  cavity  may  be  transient 
since  interior  wall  slopes  greatly  exceed  the  angle  of  repose  for  targets  with  low  cohesion.  This  process 
can  be  tested  by  comparing  the  reduction  in  crater  diameter  and  depth  for  impacts  into  targets  with 
different  internal  angles  of  friction  and  by  performing  quarter-space  experiments. 

Figure  5b  contrasts  the  reduction  in  crater  diameter  and  depth  with  density  for  impact  craters  produced  in 
pumice  and  sand.  Under  vacuum  conditions,  crater  diameter  and  depth  increase  proportionally  with 


Fig.  Sa.  Effect  of  atmospheric  pressure  on  the  crater  aspect  ratio 
(diameier/depth)  for  sand  and  pumice  targets.  All  data  shown 
in  Fig.  6a  are  for  1.5-2  km/s  impact  velocities  by  0,635  cm 
aluminum  spheres. 


Fig.  5b.  Contrasting  effects  of  atmospheric  pressure  (air)  on  Final 
crater  diameter  and  depth  for  pumice  and  sand  targets.  Lower 
velocity  impacts  (2  km/s)  are  indicated  by  crosses:  all 
projectiles  were  0.635  cm  aluminum. 
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impactor  velocity  and  size.  For  given  impactor  conditions  into  pumice,  both  depth  and  diameter  at  first 
decrease  proportionally  along  the  vacuum  line  (solid  circles)  as  atmospheric  pressure  (density  for  given 
gas)  increases.  From  0.125  to  0.25  bars,  however,  diameter  decreases  more  rapidly  than  depth  but 
becomes  more  parallel  with  the  vacuum  line  at  higher  pressures.  In  contrast,  impacts  into  sand  result  in 
decreasing  depths  as  well  as  decreasing  diameters. 
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Fig.  6.  Crater  growth  and  ejecta  curtain  evolution  revealed  by  quarter-space  experiments  for  1.5  km/s 
impacts  imo  No.  140-200  sand.  Under  vacuum  (left)  crater  widens  with  lime  and  preserves  final  profile. 
Under  a  1  bar  (air)  aunosphere  (right),  lateral  growth  ceases  after  26  ms  and  crater  collapses. 


High-speed  film  and  video  further  reveal  that  the  contrasting  diameter  and  depths  of  the  measured  craters 
with  atmospheric  density  reflect  collapse  of  a  transient  excavation  cavity.  Quarter-space  experiments 
further  confirm  that  craters  in  pumice,  sand,  and  microspheres  grow  initially  as  if  they  had  formed  in  a 
vacuum.  As  crater  growth  ceases,  the  final  excavation  profile  is  preserved  in  compacted  pumice  but 
collapses  in  sand  (and  microspheres)  as  shown  in  Fig.  6.  Reduction  in  preserved  rim  height  further 
documents  this  modification  process. 

In  summary,  the  observed  increase  in  ejecta  curtain  angle  is  reflected  in  a  decrease  in  the  crater  aspect  ratio 
(diameteridepth)  that  is  preserved  in  pumice  but  is  "transient”  in  sand  and  microsphere  targets.  Although 
the  very  low  strength  (cohesion)  of  sand  makes  it  a  preferred  target  for  examining  gravity-limited  crater 
growth,  this  property  can  limit  its  use  under  atmospheric  conditions. 


Cratering  Efficiency: 

Total  cratering  efficiency  is  defined  as  the  total  displaced  target  mass  M  divided  by  the  initial  impactor 
mass  mp.  Holsapple  and  Schmidt  (1982, 1987)  proposed  scaling  laws  based  on  dimensional  analysis  and 
late-stage  equivalence,  i.e.,  late-stage  crater  growth  has  little  memory  of  the  energy-transfer  process  as 
documented  by  Dienes  and  Walsh  (1%8).  This  formalism  can  be  viewed  as  Froude  scaling  for  gravity- 
convolled  growth  (maintaining  the  same  ratio  of  gravitational  to  inertial  forces)  or  Euler  scaling  for 
strength-controlled  growth  (maintaining  the  same  resisting  pressure  or  stress  to  inertial  forces)  and  can  be 
expressed  as  7i  groups; 


jiy  =  k'g 

=  k'g  (gr/vj2)-a 


Log  k»,* 
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for  gravity  scaling,  or 

Kv  =  k'y  Tty’^ 

=  k'y(Y/5ivi2)-P' 

for  gravitational  acceleration  g,  impactor  radius  r  and  velocity  vj,  and  target  strength  Y  and  density  5t. 

The  exponents  in  equation  (1)  were  found  by  Holsapple  and  Schmidt  (1987)  to  be  simply  expressed  by  a 
=  3|j/(2  +  p)  and  P'  =  3p/2  for  a  coupling  parameter  p  representing  the  energy/momentum  transfer 
process  from  impactor  to  target  with  p  =  2/3  for  energy  scaling  and  p  =  1/3  for  momentum  scaling.  For 
most  particulate  targets,  they  found  p  S  0.4,  whereas  solid,  strength  controlled  targets  generally  exhibit 
p  -  0.55.  Under  vacuum  conditions,  the  targets  in  the  present  study  displayed  gravity-limited  growth 
with  the  constants  and  exponents  given  in  Schultz  (1992b).  Compacted  pumice  targets  exhibited  gravity- 
controlled  growth  only  for  sufficiently  high  values  of  n2  which  exceeded  the  transition  from  gravity  to 
strength  controlled  regimes. 

If  the  observed  cratering  efficiency  under  atmospheric  conditions  is  referenced  to  gravity-limited 
excavation  under  vacuum  conditions,  then  equation  (la)  can  be  rewritten  as; 


TCy^/jCvV  “  kjt2^rCyy^ 


(2) 


where  the  subscripts  V  and  A  refer  to  vacuum  and  atmospheric  conditions,  respectively,  and  k  =  (1/k'g). 
Figure  7  contrasts  the  observed  reduction  in  cratering  efficiency  for  the  various  target  types  as  a  function 
of  the  pressure-scaling  parameter  (see  Table  1).  Reduction  in  cratering  efficiency  follows  very  similar 
dependences  on  the  pressure  parameter  with  the  exception  of  sand  and  micro-spheres  at  higher  atmospheric 
pressures.  These  departures  reflect  crater  collapse  in  part,  but  also  may  be  related  to  offsetting  effects 
created  by  the  impinging  wake  blast  (discussed  below). 
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Fig.  7.  Reduction  in  cratering  efncicncy  relative  to  vacuum 
conditions  as  a  function  of  a  dimensionless  pressure  ratio 
(Euler  number).  Pumice  and  sand  targets  used  0.635  cm  At 
spheres  at  l.S-2.0  km/$.  whereas  microsphere  targets  used 
0.635  cm  polyethylene  spheres.  From  Schultz  (1992b). 


Fig.  8.  Wake-induced  cratering  in  sand.  Wake  gases  trailing 
projecdle  as  it  transits  an  atmosphere  were  isolated  from 
impactors  by  allowing  the  projectile  to  pass  through  a  t 
in  the  target  Wake  blast  alone  produces  craters  as  large  as 
10%  of  observed  craters  from  solid  impactors. 


Even  though  compacted  pumice  exhibits  material  properties  which  are  very  different  from  micro-spheres. 
Fig.  7  reveals  that  they  exhibit  very  similar  reductions  in  cratering  efficiency.  The  principal  controlling 
variable  offsetting  these  data  sets  appears  to  be  related  to  target  particle  density  and  size,  consistent  with 
unaccounted  effects  of  dynamic  pressure  (Table  2).  The  role  of  gas  dynamic  pressure  in  limiting  crater 
growth  will  be  considered  more  fully  in  a  later  section. 
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Wake-Blast  Effects: 

Quarter-space  experiments  and  high-frame-rate  imaging  reveal  that  the  disturbed  atmosphere 
accompanying  the  impactor  is  injected  into  the  early-time  crater  cavity  (Schultz  and  Gault,  1982).  The 
low  internal  strength  of  sand  and  microspheres  could  result  in  augmenting  excavation  when  atmospheric 
densities  (gas-dynamic  back  pressures)  become  high  enough,  perhaps  accounting  for  the  trend  reversal 
exhibited  by  sand  in  Fig.  7.  This  process  can  be  assessed  by  projectile-less  collisions  where  the 
projectile  is  isolated  from  the  wake  by  allowing  it  to  pass  through  a  hole  or  tube  (Schultz,  1992b).  The 
effective  volume  of  the  impinging  disturbed  air  mass  scaled  to  projectile  volume  rp^  can  be  expressed 
as  (pvi2/P)(Y  +  1)/(y  -  1)  for  an  atmospheric  density  p  and  pressure  P  with  ratio  of  specific  heats  y 
impinging  at  a  velocity  vi  (assumed  to  be  the  impactor  velocity).  The  diameter  D  of  the  excavated  crater 
formed  by  the  air-mass  should  exhibit  approximately  the  same  dependence  on  the  gravity-scaling 
parameter 


(D/2r)(5t/p)*/3_{„2(re/rp)]-“  (3) 

where  6p  has  now  been  replaced  by  the  ambient  density  of  the  gas  p.  Figure  8  compares  the  results  for 
No.  140-200  sand  and  coarser  No.  24  sand  under  a  range  of  atmospheric  gases.  Consequently,  the 
isolated  wake  blast  has  sufficient  energy  density  to  contribute  to  crater  excavation.  Wake-blast  effects 
coupled  with  the  impactor,  however,  appear  to  be  important  only  at  high  atmospheric  densities,  p/po  > 
0.5  (Schultz,  1992b). 


DISCUSSION 


Dynamic  Pressure  Effects: 

The  role  of  atmospheric  density  and  target  grain  size  in  altering  both  the  ejecta-curtain  angle  and  the 
transient  crater  shape  indicates  that  crater  growth  is  literally  being  choked  off  by  the  atmosphere.  Impact 
craters  are  observed  in  both  laboratory  (Gault  et  al.,  1968;  also  see  Fig.  6,  left))  and  computational 
(Orphal  et  al.,  1980;  Schultz  et  ai,  1981)  experiments  to  grow  to  a  maximum  depth  and  then  expand 
laterally.  Arresting  growth  prematurely  would  result  in  a  smaller  aspect  ratio  (D/d),  provided  this 
transient  shape  is  stable.  As  a  working  hypothesis,  it  is  proposed  that  crater  growth  in  particulate  targets 
in  an  atmosphere  is  limited  by  dynamic  forces  retarding  advance  of  the  ejecta  curtain. 

If  the  cialcring  flow  field  represents  an  incompressible,  inviscid  flow,  then  forces  acting  on  its  extension 
ab^ve  the  surface  (transient  crater  lip)  should  be  transmitted  hydrostatically.  Consequently,  the  overall 
effect  of  dynamic  forces  will  resemble  gravitational  forces  retarding  the  ballistic  flow  field.  When 
increased  gravitational  forces  are  applied  to  a  computed  cratering  flow  field  resulting  from  a  30  m  iron 
projectile  impacting  an  anorthosite  target  at  15  km/s,  the  crater  aspect  ratio  also  was  reduced  (see  Schultz 
et  al.,  1981).  Dynamic  forces  retard  advance  of  the  curtain  at  two  scales  (Table  1):  deceleration  of 
individual  ejecta  and  deceleration  of  the  ejecta  ensemble  comprising  the  outward-moving  curtain.  These 
two  processes  are  not  independent  but  for  purposes  of  illustration  they  are  treated  separately. 

In  the  laboratory  experiments,  the  Reynolds  number  (Re)  for  late-stage  ejecta  under  a  low  density 
atmosphere  (p/po  <  0.2  where  po  =  density  of  air  at  STP)  approaches  unity;  consequently,  the  drag 
coefficient  can  be  expressed  by  24/Re.  The  dimensionless  ratio  of  aerodynamic  drag  d  to  gravitational 
forces  g  as  given  in  Table  1  provides  a  meaningful  scaling  parameter  (Schultz  and  Gault,  1979).  When 
the  drag  coefficient  varies  inversely  with  the  Reynolds  number,  d/g  simply  depends  on  particle  size  (a), 
particle  density  (8c),  ejection  velocity  (vc),  and  viscosity  of  the  atmosphere  (ji); 


d/g  ~  |ive2/5cga2 


(4a) 


Log  (k,/w)  •  (d/g) 
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or 

d/g  ~  pJlv/Sea^ 

where  ejection  velocity  for  gravity-controlled  flow  under  vacuum  conditions  has  been  replaced  by 
(gRv)*^  with  Rv  representing  the  crater  radius  had  it  formed  in  a  vacuum  (see  Post,  1974;  Schultz  and 
Gault,  1979;  Housen  et  al.,  1983).  Figure  9a  applies  this  formulation  for  the  data  in  Fig.  7  and  reveals 
that  this  approach  largely  accommodates  the  diverse  target  types.  Figure  9b  illustrates  a  wider  range  of 
conditions  but  with  two  specific  values  of  the  Reynolds  number  resulting  in  a  constant  drag  coefficient 
for  each  set  The  dimensionless  scaling  ratio  d/g  again  is  given  in  Table  1  with  Ry  =  Vg^. 
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’ig.  9a.  Comparison  of  gas  dynamic  forces  acting  on  various  targets 
(inset)  under  different  atmospheric  conditions  with 
gravitationaJ  forces  g  replaced  by  drag  forces  g  in  the  iC2 
scaling  parameter.  Data  are  for  impacts  under  lower 
atmospheric  densities  resulting  in  a  drag  coefficient  equal  to 
24/Rc  for  a  Reynolds  number  R«.  The  pressure  parameter  is 
shown  on  the  lower  axis  with  pressure  P  in  bars,  velocity  v 
in  km/s,  and  density  5|  in  g/cm3  but  in  dimensionless  form 
along  the  upper  axis.  From  Schultz  (1992b). 
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Fig.  9b  Data  corrected  for  atmospheric  pressure  effects  as  a  function 
of  dimensionless  drag  for  two  constant  values  of  the  drag 
coefficient  (same  Reynolds  number).  Atmospheric  density  p 
is  referenced  to  air  while  particle  size  and  density  have  been 
referenced  to  values  for  pumice.  Symbols  represent  different 
gas  compositions  (x  »  air,  +  =  low-velocity  helium,  ffi  «= 
high-velocity  helium,  Q  =  argon,  G)  =  carbon  dioxide; 
parentheses  indicate  0.318  cm  Al  spheres  with  all  others 
being  0.635  cm  in  diameter).  Labels  "u"  and  "s"  distinguish 
microspheres  and  sand,  respectively,  from  unlabeled  pumice 
targets.  From  Schultz  (1992b). 


Aliemalively,  dynamic  forces  act  on  the  ejecta  curtain  as  if  it  were  a  thin,  coherent  plate.  Deceleration  of 
such  a  plate  from  an  initial  velocity  Vq  to  v'  over  a  distance  X  can  be  expressed  analytically  by  the 
following: 


bi(v'/vo)  =  -l/2CDpXj\c/Mc  (5a) 

where  Ag  and  Mg  represent  the  area  and  mass  of  the  curtain  at  a  given  stage  of  growth,  which  simplifies 
to  the  following  since  Mg  =  SgAgW  for  an  ejecta  curtain  thickness  w: 


In  (V/Vo)  =  -1/2Cd(P/6c)(X/w)  (5b) 

This  approach  is  clearly  an  oversimplification  since  the  outward  velocity  of  the  curtain  continuously 
decreases  and  since  curtain  thickness  continuously  increases  with  time  (stage  of  growth).  Nevertheless,  it 
is  easy  to  show  that  the  velocity  of  the  curtain  decreases  by  only  80%  during  the  last  half  (by  mass)  of 
crater  growth.  A  characteristic  velocity  should  depend  on  the  square  root  of  both  scale  (crater  radius  Ry 
had  it  formed  in  a  vacuum)  and  gravity.  Moreover,  adopting  a  constant  value  for  w  should  underestimate 
the  deceleration  of  the  curtain.  Equation  (5b)  now  can  be  rewritten  in  terms  of  a  smaller  equivalent 
gravity-controlled  crater  of  radius  Ry’  corresponding  to  the  terminal  velocity  of  v’. 


In  (Ry'/Ry)  =  -  Cd  (p/5c)(Ry/w) 


(6) 
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where  X  has  been  replaced  by  Ry  with  the  assumption  that  the  ratio  of  transient  crater  size  to  ejecta 
curtain  width  is  approximately  constant.  For  an  ejecta  curtain  with  a  constant  ratio  of  Ry/w  =  300 
(equivalent  to  the  maximum  thickness  of  0.05  cm  for  a  30  cm-diameter  crater),  equation  (6)  predicts  that 
a  one  bar  atmosphere  of  argon  would  reduce  crater  size  by  a  factor  of  about  0.55  corresponding  to  a  5-fold 
decrease  in  cratering  efficiency,  approximating  values  shown  in  Fig.  7.  A  comparable  numerical  model 
of  an  outward-moving  wall  of  ejecta  of  constant  height  and  thickness  where  the  curtain  velocity  decreases 
as  v(X/R)  =  Vo(X/R)‘^-^  results  in  cessation  of  growth  (vq  =  30  cm/s)  at  0.7  R.  This  corresponds  to  a 
3-fold  decrease  in  cratering  efficiency. 

An  ejecta  curtain  with  Ry/w  =  300  corresponds  to  a  curtain  only  about  10  grains  in  width. 
Consequently,  effects  of  gas  dynamic  forces  on  both  the  particle  and  curtain  scale  can  be  understood 
intuitively.  The  significance  of  viewing  arrested  crater  growth  in  terms  of  gas  dynamic  forces  acting  on  a 
coherent  (impermeable)  sheet,  however,  is  that  even  non-particulate  targets  such  as  water  should  display 
significant  atmospheric  effects  as  observed  by  Gault  and  Soneu,  1982. 


CONCLUDING  REMARKS 

The  experiments  cannot  yet  establish  a  firm  quantitative  basis  for  assessing  the  degree  of  crater  size 
reduction  on  planets  with  atmospheres.  If  crater  growth  is  limited  simply  by  drag  acting  on  constituent 
ejecta,  then  atmospheric  effects  should  increase  with  both  increasing  atmospheric  density  and  crater  size 
(ejection  velocity  at  a  given  stage  of  crater  growth)  but  decreasing  ejecta  size.  If  it  is  limited  by  forces 
actir^  on  the  outward  advance  of  the  ejecta  curtain  (crater  lip),  then  atmospheric  effects  may  increase  as 
Ry^/2  although  considerable  uncertainty  remains.  A  more  critical  assessment  of  dynamic  forces  acting 
on  the  ejecta  curtain  requires  assessing  the  air  flow  and  boundary  conditions  impinging  on  the  curtain 
during  growth  (Bamouin  and  Schultz,  1992). 

The  experiments  nevertheless  provide  a  different  perspective  for  interpreting  the  unusual  ejecta 
morphologies  and  crater  profiles  in  different  planetary  environments,  as  well  as  a  starting  point  for 
considering  more  suitable  models  and  scaling  relations.  A  first-order  prediction  for  Venus  is  that  crater 
excavation  will  occur  ballistically  but  the  inclined  ejecta  curtain  should  evolve  into  a  near-vertical  wall 
that  collapses  into  a  non-ballistic  style  of  emplacement.  The  example  in  Fig.  1  reveals  that  the  ejecta 
deposits  are  completely  confined  to  within  a  crater  radius  of  the  rim  without  secondary  craters.  Other 
examples  (Schultz,  1992a)  establish  that  low-relief  domes  (300  m)  as  close  as  0.25  R  from  the  crater  rim 
are  not  overrun  by  ejecta.  Instead  such  relief  act  as  barriers  for  surface  flow  of  ejecta.  Both  observations 
are  consistent  with  the  atmosphere  restricting  the  outward  advance  of  ejecta. 

Craters  on  Mars  also  allow  testing  the  role  of  gas  dynamic  drag.  The  wide  range  of  geologic  processes 
has  resulted  in  a  range  of  lithologies  from  competent  bedrock  to  fine-grained  airfall  deposits  (<100  m). 
The  dimensionless  drag  ratio  predicts  that  aerodynamic  forces  in  laboratory-scale  experiments  will  be 
comparable  to  a  10  km-diameter  crater  on  Mars  provided  that  a  significant  fraction  of  the  ejecta  is  smaller 
than  a  centimeter.  The  low  atmospheric  pressure  (6  mb)  on  Mars,  however,  should  result  in  minimal 
static  pressure  effects.  If  gas  dynamic  forces  limit  crater  growth,  then  the  crater  aspect  ratio  should  be 
different  for  different  lithologies.  In  fact,  crater  depths  in  wind-sensitive  substrates  (that  is,  eolian 
materials  with  a<50  ji)  are  consistently  and  significantly  deeper  than  crater  depths  in  competent  substrates 
(lava  plains)  as  shown  in  Schultz  (1990).  Such  a  result  is  consistent  with  the  trends  illustrated  in  Fig. 
5b  where  the  fine-grained  eolian  deposits  exhibit  a  high  angle  of  repose.  The  high  crater  rims  and  deeper 
than  expected  floors  on  Venus  (Phillips  et  ai,  1991;  Schultz,  1992a)  are  also  consistent  with  the 
expected  effects  from  a  dense  atmosphere. 
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ABSTRACT 

All  long-duration  spacecraft,  such  as  Space  Station  Freedom  (SSF),  are  subject  to  impacts  by 
micrometeoroid  and  orbital  debris  (MM/OD)  particles  in  low  Earth  orbit.  The  secondary  effects  of  such 
impacts  on  SSF  was  the  subject  of  the  Secondary  Debris  Impact  Damage  and  Environment  Study.  The 
primary  objective  was  the  assessment  of  possible  damage  to  SSF  hardware  in  the  vicinity  of  large 
surface  areas  impacted  by  typical  MM/OD  particles.  Several  SSF  components  were  evaluated^  that 
showed  varying  degrees  of  damage  due  to  secondary  ejecta.  A  comparison  of  the  results Jrom  45°  and 
60°  MM/OD  impacts  revealed  that  penetration  ejecta  had  greater  damage  potential  at  45°  and  ricochet 
ejecta  had  greater  damage  potential  at  60°.  The  significant  ricochet  damage  was  concentrated  within  an 
angle  of  15°  with  respect  to  the  primary  target.  The  impact  distribution  data  was  evaluated  further  using 
a  previous  math  model.  The  comparison  was  inconclusive  due  to  insufficient  data  within  the  bounds  of 
the  model.  Preliminary  results  of  the  study  showed  that  secondary  debris  has  the  potential  to  pienetrate 
and  induce  some  damage  to  SSF  hardware.  The  failure  of  hardware  due  to  the  damage  is  unknown. 
Further  testing  with  larger  MM/OD  particle  sizes  and  varying  impact  angles  is  recommended. 


INTRODUCTION 

In  the  modern  space  environment,  MM/OD  particles  pose  a  serious  threat  to  the  survival  of  long- 
duration  spacecraft  in  low  Earth  orbit,  such  as  SSF.  The  space  station,  as  a  design  goal,  is  projected  to 
remain  in  orbit  a  minimum  of  30  years,  which  means  it  is  likely  to  see  damaging  MM/OD  impacts  in  the 
course  of  its  orbital  lifetime.  Up  to  this  point,  shielding  design  evaluations  have  been  based  solely  on  the 
threat  of  primary  MM/OD  impacts.  With  shielding  designed  to  protect  against  initial  impacts  only,  a 
secondary  debris  impact  theory  has  not  been  sufficiently  developed  for  a  design  evaluation  of  SSF 
hardware.  The  ongoing  Secondary  Debris  Impact  Damage  and  Environment  Study  (also  known  as  the 
Secondary  Debris  Study)  is  an  attempt  to  further  understand  the  damage  capability  of  secondary  debris. 


*  Under  Contract  NAS  9- 1 7900  with  the  National  Aeronautics  and  Space  Administration,  Lyndon  B. 
Johnson  Space  Center  (JSC). 
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The  main  objective  of  the  initial  phase  of  the  Secondary  Debris  Study  was  to  assess  the  secondary  debris 
threat  due  to  impacts  on  SSF  hardware  with  large  surface  areas.  The  primary  targets  for  this  study  were 
therefore  selected  by  size,  l^ach  secondary  target  was  chosen  with  respect  to  its  proximity  to  a  primary 
target  site,  as  well  as  its  vulnerability  to  impacts. 

The  primary  targets  were  simulated  by  flat  plates  of  corresponding  thicknesses  to  hardware  design. 
Actual  hardware  (test  hardware,  vendor  samples,  etc.)  was  used  whenever  available  for  secondary 
targets.  Flat  plates  of  corresponding  thickness  and  material  were  substituted  when  hardware  was 
unavailable. 


TIiSTING  DFSCRIPTION  AND  PLANS 

The  hypervelocity  imjtact  (HVI)  testing  for  this  study  was  conducted  in  the  Ilypervelocity  Impact 
Research  Laboratory  (HIRL)  at  JSC.  The  .17  caliber  and  .50  caliber  light  gas  guns  were  made  available 
for  this  test  program.  Therefore,  the  test  articles  were  designed  considering  the  limits  of  the  vacuum 
chamber  for  each  gun. 

The  general  setup  consisted  of  a  plate  simulating  the  surface  for  the  initial  debris  impact  (referred  to  as 
the  primary  target),  with  secondary  targets  simulating  the  secondary  impact  surfaces  on  SSF.  The  basic 
test  setup  for  this  study  is  depicted  in  Fig.  1 .  The  primary  and  secondary  target  materials  and  setup  were 
as  representative  of  SSF  hardware  as  constraints  allowed.  Particles  were  shot  at  the  primary  target  at  an 
angle  0  measured  from  the  normal  to  the  target.  For  this  test  matrix,  0  was  limited  to  angles  of  45"  and 
60".  Previous  studies  concluded  that  an  angle  0  less  than  60"  yielded  more  penetration  debris  and  an 
angle  0  greater  than  60"  was  more  critical  with  respect  to  the  amount  of  ricochet  debris  generated 
(Schonberg  and  Taylor,  1988,  1989a,  b). 


F'ig.  1 .  l  est  setup. 
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Also  shown  in  Fig.l  are  the  ricochet  angles  and  angles  of  penetration,  0^,  agg,  y|,  72-  ©!>  and  ©2  ■  The 
ricochet  angles,  ac  and  (xgg,  are  symbols  for  the  trajectory  angle  of  the  center  of  mass  of  the  ricochet 
fragments  and  the  angle  below  which  lies  99  percent  of  the  ricochet  fragments,  respectively.  The 
penetration  angles,  Y]  and  Y2-  are  the  angular  spread  of  the  fragments  which  result  from  the  primary 
target  plate  and  the  impacting  particle,  respectively.  Angles  0|  and  ©2  denote  the  trajectory  of  the 
center  of  mass  of  the  primary  target  plate  particles  and  the  center  of  mass  of  the  MM/OD  particles  after 
impact,  respectively. 

The  materials  for  the  projectiles  were  chosen  to  best  simulate  OD  and  MM  particles.  An  A1  2017-T3  ball 
was  chosen  to  represent  an  OD  particle  of  constant  density  equal  to  2.796  g/cc.  The  MM  particle  with  a 
density  of  0.5  g/cc  was  simulated  with  a  nylon  ball.  Test  particle  sizes  were  derived  using  Bumper, 
which  is  a  Fortran  77  code  that  simulates  the  MM/OD  environment.  The  particle  sizes  from  Bumper 
were  energy  scaled  to  account  for  the  lower  velocities  during  testing.  The  energy  scaled  critical  particle 
size,  which  represents  10  OD  impacts  per  year  in  a  10-year  period,  is  approximately  0.3175  cm  (1/8  in.). 
The  critical  particle  size,  which  represents  10  MM  impacts  per  year  in  a  10-year  period,  is  1.89  cm 
(3/4  in.).  Due  to  the  size  of  the  MM  particle  being  greater  than  current  available  testing  capabilities,  the 
decision  was  made  to  start  both  OD  and  MM  testing  with  the  1/8-in. -diameter  particle. 

Table  I  illustrates  the  primary  target  hardware  chosen  for  the  Secondary  Debris  Study.  The  truss 
structure,  habitable  modules  with  shielding,  and  the  radiator  panels  are  the  largest  metallic  components 
on  SSF.  The  primary  target  data  describes  how  each  of  the  components  was  simulated  in  the  test  setup.  It 
should  be  noted  that  these  targets  were  representative  with  respect  to  dimensions  and  materials  for  SSF. 
For  instance,  the  SSF  truss  structure  varies  in  thickness  and  geometry  throughout  the  design,  but  a 
thickness  of  0.635  cm  (0.25  in.)  was  chosen  as  a  typical  representation. 


Table  1 .  Primary  target  materials  and  dimensions  data 


Primary  target 
hardware 

Primary  target  data 

Truss  member 

Al  22 1 9-T85 1  plate,  0.25  in.  thick,  6x  1 2  in^ 

Module  bumper 

A1  6061-T6  sheet,  0.05  in.  thick,  6x10  in^ 

Radiator  panel 

Hexcel  honeycomb  (CR-llI- 1/8-3. 1-5052-0007),  0.01  in.  Al  6061-T6  skin, 

0.005  in.  Z93  themial  coal,  5x5  in^ 

Table  2  lists  the  secondary  target  materials  that  were  included  in  this  study.  The  electrical  power  system 
(EiPS)  orbital  replaceable  unit  (ORU)  box  wall  was  simulated  using  the  honeycomb  sheet  with  the 
.specifications  provided  by  work  package  4.  The  fluid  umbilical  line  was  simulated  with  flexible 
aluminum  conduit  provided  by  a  vendor,  as  suggested  by  McDonnell  Douglas-Huntington  Beach.  The 
aluminum  conduit  consists  of  aluminum  rings  formed  into  a  hose-type  covering.  The  electrical  umbilical 
cabling  was  simulated  using  individual  cables  provided  by  JSC,  banded  in  bundles  of  seven  cables  and 
double  wrapped  with  10  mil  Teflon®  overwrap.  The  Ku-band  waveguide  was  simulated  using  actual 
copper  waveguide  material  provided  by  JSC  and  aluminum  waveguide  material  purchased  from  a 
recommended  vendor.  The  aluminum  waveguide  material  was  acquired  with  the  necessary  hardware  for 
properties  measurement. 

Table  3  displays  the  test  matrix  for  the  study  based  upon  the  primary  and  scconday'  test  articles.  Before 
final  secondary  target  selection,  each  component  was  re,searched  to  determine  probable  secondary  ejecta 
threats  and  a  final  decision  was  m.ide  for  each  test  setup. 

The  secondary  targets  were  positioned  behind  and  parallel  to  the  primary  target  for  perforation  debris 
and  perpendicular  at  the  end  of  the  primary  target  for  ricochet  debris.  Oblique  impacts  resuit  in  ricochet 
debris,  which  spray  onto  the  secondary  target  normal  to  the  primary  target.  In  addition,  some  of  the  .SSI- 
hardware  will  encounter  debris  from  the  perforation  of  a  primary  target.  The  truss/fluid  umbilicals  setup 
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was  an  example  of  a  situation  where  the  secondary  target  may  see  ricochet  and/or  perforation  debris 
from  an  impact  on  the  primary  target.  Witness  plates  were  placed  behind  all  of  the  secondary  targets  to 
catch  any  debris  that  penetrated  or  missed  the  secondary  targets. 

The  data  collection  procedure  included  (1)  before  and  after  weight  measurements  to  assess  the  amount  of 
ejecta  collected  in  the  test  chamber  that  did  not  remain  attached  to  the  test  article,  (2)  high-speed 
photographic  evaluation  of  primary  debris  particle  velocity  infomiation,  and  (3)  classification  of  damage 
to  secondary  targets. 


Table  2.  Secondary  target  materials  data 


Secondary  target 
hardware 


Secondary  target  data 


ORU  boxes 


Fluid  umbilicals 
Electrical  umbilicals 


SGS  antenna  waveguide 
(aluminum) 

SGS  antenna  waveguide 
(copper) 


A1  7075-T73  face  and  back  sheets  (16  mils),  A1  honeycomb  (5056-H39, 
3/16  hexagonal  cell),  ORU  contents  simulated  with  thin  A1  sheet  (ORUs 
not  pressurized,  but  units  may  contain  pressurized  hardware  (batteries).) 
Cover  material:  A1  flex  hose  A1  5052-H34  (6.0  in.  inner  diameter, 

0.06  in.  thickness) 

Cover  material:  Teflon®  overwrap,  0.022  in.  (0.56  mm)  thickness 
(used  2  layers  of  0.01  in.),  cables:  #18  AWG  2  conductor  unshielded 
plenum  cable  non-conduit,  0.007  in.  (0.18  mm)  Fep  Teflon®  insulation, 
0.01  in.  (0.25  mm)  Fep  Teflon®  jacket,  0.143  in.  (3.632  cm)  outer 
diameter 

Rectangular  tubing,  A1 6061-T4  or  T6, 0.04  in.  ( 1 .0  mm)  with  irodite  and 
epoxy  coatings 

Rectangular  copper  tubing,  0.04  in.  thick 


Table  3.  Secondary  Debris  Study  test  matrix 


Shot  number 


Impact  angle  (deg) 

45  1  3  5  7  9  11  13 

60  2  4  6  8  10  12  14  15  16 


Particle  size  (in.) 

1/8  in.  nylon  X 

l/8in.  Al  X  X  X  X  X  X  XX 


Test  article 

Truss/EPS  ORU  boxes  X 

Truss/fluid  umbilicals  X 

Truss/electrical  umbilicals  X 

Module/EiPS  ORU  boxes  X 

Module/fluid  umbilicals 
Module/electrical  umbilicals 
Radiator/EPS  ORU  boxes 
Truss/waveguide  (aluminum) 

Trus.s/waveguide  (copper) 


X 


X 


X 


X 


X 
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STUDY  RESULTS 

Both  qualitative  and  quantitative  results  were  documented  for  this  study.  For  simplicity,  the  quantitative 
data  is  tabulated  in  Tables  4,  5,  and  6  and  will  be  used  for  the  qualitative  discussion,  as  well  as  a 
comparison  with  data  collected  in  previous  studies.  These  tables  also  present  the  results  of  the  shots 
completed  and  display  the  impact  parameters  for  each  shot,  as  well  as  the  resultant  damage 
measurements  (entry  hole  dimensions,  trajectory  angles,  etc.). 

Overall,  the  dimensions  of  the  primary  target  entry  holes  (Dmax  by  Dmin)  were  much  larger  than  the 
projected  area  of  particles  on  the  target.  This  result  indicates  that  some  of  the  primary  target  plate  broke 
away  in  the  form  of  ricochet  and  penetration  debris.  The  enti'y  holes  were  elliptical  in  shape  where  the 
elongation  of  the  hole  was  in  line  with  the  particle  trajectory. 

Ricochet  debris  w'as  found  to  impact  secondary  targets  in  the  form  of  columns.  At  0  =  45°.  these 
columns  are  typically  very  definite  and  easy  to  observe.  As  0  increases,  the  columns  of  debris  spread 
and  become  obscured  with  more  evenly  distributed  debris.  Also,  more  ricochet  dcbiis  is  concentrated  at 
the  intersection  of  the  primary  target  plate  and  the  secondary  target  plate.  As  a  result,  the  greater  portion 
of  the  damage  in  the  60°  tests  was  near  the  intersection  of  the  targets,  compared  to  the  45"  tests. 


Fluid  (Jmhilicals 

The  flexible  aluminum  Puid  umbilicals  for  SSF  are  positioned  within  the  truss  structure  in  the  vicinitv  of 
the  module  pattern,  running  from  the  utility  trays  to  the  modules.  The  fluid  umbilicals  may  be  subjected 
to  secondary  ricochet  debris  from  the  module  bumpers,  as  well  as  secondary  ricochet  and  penetration 
debris  from  the  truss  members. 

1'ests  A 1 534  and  A 1 537  impacted  the  module  bumper  at  0  =  45"  and  0  =  60",  respectively.  The  45°  test 
produced  a  penetration  of  the  module  bumper.  The  ricochet  particles  produced  some  small  perforations 
of  the  aluminum  conduit  witn  no  noticeable  impacts  on  the  witness  sheet  inside  the  conduit.  The  60°  test 
produced  a  penetration  of  the  module  bumper  with  greater  damage  to  the  aluminum  concl.iit.  Perforations 
were  noted  in  the  first  eight  rings  of  the  conduit,  of  which  the  largest  perforation  was  2.0  mm  in 
diameter.  The  witness  sheet  inside  the  conduit  showed  several  small  impact  craters  ranging  up  to  1  mm 
in  diameter. 


Table  4.  Projectile  and  primary  test  data 


HKI 

t’rojeetile 

IVojcclilc 

Impact 

Primary 

Fntry 

shot 

t’rojeclile 

diameter 

Projeetile 

vclociiy 

angle 

Primary 

thickness 

hole 

number 

type 

(em) 

mass  (g) 

(km/s) 

(deg) 

malcrial 

(nim> 

Ip/d 

(mm) 

AlS.td 

A1 2017 -T5 

0.5  IS 

0047 

6.42 

45 

Al  6061-T6 

0.127 

0.4 

7  6^<9.0 

AI.S.t7 

Al  2()I7-T5 

0.5  IS 

0.047 

6.4 

60 

A 16061-76 

0.127 

0.4 

7.5x10.1 

AIS44 

Nylon 

0.5  IS 

0.0 19S 

6 

(>0 

Radiator 

1.27 

4.0 

7.7x1  1.7 

A 1  .S77 

Al  2017-T5 

0.5  IS 

0.047 

6.44 

45 

Al  2219 

0.655 

2.0 

S.txS.S 

A 1579 

Al 20I7-T5 

0.5  IS 

0.047 

6.5 

W) 

Al 2219 

0.655 

2.0 

26x2.9 

A 1597 

Al  2017-T5 

0.5  IS 

0.047 

6.16 

60 

Al 2219 

0.655 

2,0 

2.. 5x4.1 

AI6I7 

Al  20I7-T5 

0.5  IS 

0.047 

6.29 

W) 

Al 2219 

0.655 

2.0 

.5  .1x5  6 

A 1621 

Al  2()I7-T5 

0.5  IS 

0.047 

6.15 

ftO 

Al  6061-76 

0.127 

0.4 

7.4x10  1 

A 1624 

Al  2()I7-T5 

0.5  IS 

0.047 

6.54 

45 

Al  2219 

0.(rt5 

2,0 

7,9xS.5 

A 1625 

Al  2017-T5 

0.51S 

0.047 

6.55 

45 

Al  6061-76 

0.127 

0.4 

S.0X9.5 

A16tt 

Al  2()I7-T5 

0.5IS 

0047 

6.21 

45 

Radiator 

1.27 

40 

5. 5x7.4 

A  1654 

Al  2017  T5 

0.5  IS 

0.047 

6.57 

60 

Ritdialor 

1.27 

40 

4.SXS.S 

AI65S 

Al  2017  T5 

0.5IS 

0.047 

6.15 

60 

Al 2219 

0655 

2  0 

2. 1x2.6 

A 1659 

Al  20I7-T5 

0.5  IS 

0.047 

6.14 

fiO 

Al  6061-76 

0.127 

0.4 

1.0x1. 6 

A 1641 

Al  20I7-T5 

0.5  IS 

0.047 

6.27 

45 

Al 2219 

0  655 

20 

7.4x10.2 

A  1642 

Al  20I7-T5 

0.5IS 

0.047 

6.24 

45 

Al  6061-76 

0  127 

04 

7  Ox^)  1 

^76 
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Table  5.  Penetration  (back  wall)  target  test  data 


tllKI. 

Back  wall 

Number 

Maximum 

shot 

Spacing 

Back  wall 

thickness 

of 

iiulc  si/.c 

Damage 

nuniK-r 

(cm) 

S/d  material 

(cm) 

holes 

(mm) 

class 

A  15,14 

6.15 

20  FI..  UMH. 

0.064 

80 

2.7 

H.5/F1 

A  15.17 

6.15 

20  F!..  UMlt. 

0.064 

55 

2.5 

H5/H1 

A 1544 

2.54 

8  A1 6061-76 

0.064 

2 

0.4 

C4 

A 1577 

2.54 

8  FI..  UMH. 

0.161 

1 

6.8x10,5 

F5 

A 1579 

2.,54 

8  FI..  UMH. 

O.IKI 

1 

2.2x5.5 

H5 

A 1597 

2.54 

8  A1 6061-76 

0.084 

0 

0 

H2 

A1617 

5.(m 

16  H/C  panel 

0.615 

FS:  1 

FS;6.7x9.2 

C4/C0 

BS:() 

BSiO.O 

AI621 

5.08 

16  Al  6061-76 

0.064 

47 

1. 8x1.1 

C5 

A 1624 

5.08 

16  H/C  panel 

0.615 

FS:6 

H.S:5.5x6.5 

C5/F'4 

BS:I 

BS:<().01 

A 1625 

5.08 

16  Al  6061-76 

0  160 

6 

2.()x1.5 

C5 

A 1611 

6.15 

20  A 16061-76 

0.064 

5 

1. 0x1,1 

C4 

A 1614 

5.08 

16  Al  6061-76 

0.064 

0 

0 

C2 

A16.1S 

5.08 

16  HI..  UMH. 

0.064 

0 

0 

CO 

A 1619 

5.08 

16  Al  6061-76 

0.064 

46 

2.4x1. 5 

C5 

Alfvll 

10.16 

16  HI..  UMIt./ 

0.064 

UMIt.  =  0 

HI..  UMIt.  = 

0  FI 

Al  6061-76 

WS  =  0 

ws  =  o 

Ai642 

10.16 

12  Al  6061-76 

0.064 

90 

1.8x6.4 

C5/F1 

NOTH: 

b'l„  UMIt.  =  fluid  umbilical,  H/C  -  honeycomb,  F/S 

=  H/C  face  sheet,  It/S  =  H/C  back  sheet,  HI..  UMl). 

=  electrical 

umbilical,  and  WS  =  witness  sheet. 

Table  6. 

Ricochet  target  test  data 

HIKI 

7argcl 

Number 

Maximum 

shot 

Spacing 

7arget 

thickness 

of 

hole  si/.c 

Damage 

number 

(cm) 

material 

(cm) 

holes 

(mm) 

class 

A 1514 

11.1 

HI..  UMl). 

0.1611 

56 

0,7 

C4 

A 1517 

15.7 

HI,.  UMIt. 

0.1611 

115 

1.8 

C5 

A  1.544 

11.9 

Cu  waveguide 

0.127 

.50 

1.4 

C2 

A 1577 

12.6 

FI..  UMl). 

0.1611 

52 

1. 8x2.5 

C5 

A 1579 

11,1 

HI..  UMIt. 

0.1611 

56 

0.7 

C4 

A 1597 

14.9 

Al  waveguide 

0.127 

200 

0.19 

C2 

A1617 

11.4 

H/C  panel 

0.615 

F.S,140+ 

FS:1.4 

C4 

BS:0 

BS:0 

A1621 

18.0 

H/C  panel 

0.615 

HS:1IK)-i- 

IS;  1.5 

C4 

BS;() 

BS:() 

A 1624 

11.8 

H/C  panel 

0.615 

FS:5()-v 

FS:0.6 

C4 

BS:0 

BS:() 

A1625 

11.5 

H/C  panel 

0.615 

FS:1() 

HS:().,5 

C4 

BS:0 

BS:() 

A 1611 

7.1 

H/C  panel 

0.615 

F,S:5 

FS:().4 

C4 

BS:0 

BS:() 

A 1614 

8.05 

H/C  panel 

0.615 

H,S:12.5 

FS;1.2 

C4 

BS:() 

ltS:() 

A16.1H 

15.1 

HI,.  UMIt,/ 

0.064 

Multiple 

1.9 

C4 

Al  6061-76 

A 1619 

11.5 

HI..  UMIt./ 

0.064 

7 

1.9 

C4 

Al  6061-76 

A1641 

14.6 

HI,.  UMl)./ 

0.064 

7 

0.5 

C4 

Al  6061-76 

A1642 

11.4 

HI..  UMIt  / 

0.064 

6 

0.6 

C.5 

Al  6061-76 

Scvi'ndar\  JchriN  iinpaci  damage  and  ctuiri'nmcni  nIuJs  67" 

I'he  truss  primary  target  plates  ejected  more  debris  than  did  tlie  tliimici  module  bumpci  plates,  lu  truss 
tests  A 1577  and  A 1 579  (0  =  45”  and  0  =  60",  respectively),  the  truss  member  was  penetrated, 
producing  penetration  products  and  spall  off  the  back  of  the  plate.  The  ricochet  debris  from  the  tests 
produced  iiumerous  perforations  of  the  conduit,  up  to  2.5  mm  in  diameter.  The  60°  test  again  showed  the 
impacts  concentrated  near  the  base  of  the  secondary  target.  Negligible  damage  was  done  to  the  witness 
sheets  inside  the  conduit.  The  secondary  penetration  targets  were  completely  penetrated  in  several 
places.  In  the  45°  test,  nine  large  perforations  within  a  10.5-  by  6.8-mm  area  were  seen  on  the 
penetration  umbilical,  which  peeled  inward  five  rings  of  the  conduit.  The  witness  sheet  showed  several 
dimples,  but  no  penetrations.  The  underside  of  the  truss  plate  in  this  test  had  a  large  ring  of  detached 
spall  with  dimensions  1 .8  by  1 .6  cm  (hole  size  equal  to  1.4  by  1 .3  cm).  This  size  is  much  larger  than  the 
dimensions  of  the  entry  hole,  so  it  can  be  deduced  that  the  primary  target  plate  contributed  a  large 
amount  of  debris  to  the  damage.  The  60"  test  showed  one  perforation  of  the  penetration  target  (6.0  by 
2.3  mm  across)  that  peeled  the  surrounding  area  inward.  The  underside  of  the  truss  plate  showed 
partially  detached  spall,  which  contributed  to  the  secondary  debris.  Witness  sheet  damage  was  limited  to 
some  small  impact  craters. 

In  summary,  the  witness  sheets  received  damage  in  the  form  of  dimples  or  craters.  This  is  not  conclusive 
evidence  of  failure  of  the  fluid  lines. 


Electrical  Umhilicals 

The  electrical  umbilicals  for  ,SSF  are  positioned  similar  to  the  fluid  umbilicals  and  are  subject  to  similar 
threats  from  secondary  debris.  The  electrical  umbilicals  may  be  subjected  to  secondary  ricochet  debris 
from  the  module  bumpers,  as  well  as  secondary  ricochet  and  penetration  debris  from  the  truss  members. 
The  wire  bundles  for  this  study,  simulating  the  electrical  umbilicals,  were  positioned  parallel  and 
perpendicular  to  the  bumper  plate  for  ricochet  debris  and  parallel  and  along  the  line  of  the  particle 
trajectory  for  the  penetration  debris. 

Tests  A 1 64 1  and  A 1 638  impacted  the  truss  plates  at  0  =  45°and  0  =  60°,  respectively.  Test  A 1641 
produced  a  penetration  of  the  truss  plate  and  showed  several  large  perforations  of  the  Teflon®  tape  for 
the  penetration  bundle.  Resistance  tests  before  and  after  showed  no  change  in  the  condition  of  the  wires. 
The  ricochet  bundle  in  this  test  showed  some  impacts  on  the  Teflon®  tape,  but  no  penetrations  and  no 
change  in  resistance.  Test  A1638  showed  more  damage  to  the  ricochet  bundle  than  did  test  A1641.  The 
Teflon®  tape  separated  from  the  electrical  cables  in  the  middle  of  the  bundle,  where  the  insulation  broke 
in  three  places.  Resistance  tests  again  showed  no  change.  The  penetration  bundle  in  test  A 1638  was 
missed  by  the  penetration  debris;  therefore,  no  data  was  obtained. 

Tests  A 1642  and  A 1639  impacted  and  penetrated  the  module  bumper  at  0  =  45°  and  0  =  60°, 
respectively.  The  45°  test  showed  impacts  on  the  Teflon®  tape,  but  no  penetrations  were  noted.  The  60° 
test  produced  damage  to  the  Teflon®  tape,  causing  it  to  break  loose  from  the  bundle.  Insulation  breaks 
occurred  in  two  wires,  but  there  was  no  change  in  the  resistance. 

The  breaks  in  the  insulation  showed  no  effect  with  respect  to  the  resistance  measurements  of  the  cables. 
However,  the  breaks  in  the  insulation  could  result  in  a  short  circuit  if  the  damage  were  extensive  enough. 
The  cables  were  not  live  when  tested,  which  would  be  required  to  test  for  this  type  of  damage  to  the 
cables. 


EPS  ORII  Bo  res 

The  liPS  f)RU  boxes  are  positioned  at  numerous  points  within  the  truss  stnicturc  along  the  length  of  the 
space  station.  They  are  unpressurized,  but  the  boxes  may  contain  pressurized  hardware  such  as  batteries. 
I'he  ORUs  will  be  subjected  to  possible  secondary  ricochet  debris  from  the  truss  members,  the  module 
bumpers,  and  the  radiators,  as  well  as  penetration  debris  from  the  truss  members. 

In  test  A 1624,  impacted  at  0  =  45”,  the  truss  plate  had  a  neat  ring  of  detached  spall  (16.0  by  16.1  mm 
across)  surrounding  the  penetration  hole,  which  was  7.9  by  8.3  mm  across.  The  damage  to  the 
penetration  ORU  plate  consisted  of  six  separate  perforations  of  the  face  sheet  (maximum  size  was  2.0  by 
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3.5  mm  across)  and  a  large  dent  in  the  back  face,  which  emitted  light  through  the  crack.  This  was  not 
considered  a  failure  since  the  ORU  box  was  not  pressurized.  The  ricochet  ORU  damage  was  limited, 
compared  to  the  penetration  damage,  with  about  50  perforations  ranging  from  0. 1  to  0.6  mm  in  diameter 
on  the  face  sheet  of  the  ORU  panel. 

In  test  A 16 1 7,  the  truss  plate  was  impacted  at  ©  =  60°,  creating  a  penetration  hole  3.1  by  3.6  mm  across. 
The  spall  on  the  back  side  of  the  plate  was  partially  detached  and  broke  off  in  one  large  chunk,  which 
lodged  in  the  ORU  panel.  No  damage  was  done  to  the  back  face  of  the  ORU.  The  ricochet  plate  in  this 
test  saw  much  more  damage  than  in  test  A 1624,  with  much  larger  perforations  (0.1  to  1.4  mm  across). 

Test  A 1625  impacted  the  module  bumper  at  0  =  45°,  creating  a  9.6-  by  10.9-mm  hole  in  the  bumper 
material.  The  ricochet  debris  resulted  in  10  perforations  (up  to  0.5  mm  across)  of  the  ORU  face  sheet. 

Test  A 1621  impacted  the  module  bumper  at  0  =  60°  with  a  penetration  hole  7.4  by  10.1  mm  across.  The 
ORU  face  sheet  showed  over  300  perforations  from  ricochet  debris,  with  the  diameter  ranging  from  0. 1 
to  1 .5  mm.  As  in  the  truss  60°  shot,  there  were  a  few  dents  on  the  back  side  of  the  ricochet  ORU  panel. 

Tests  A 1633  and  A 1634  impacted  the  radiator  panels  at  0  =  45°  and  0  =  60°,  respectively.  Test  A1633 
showed  very  little  ricochet  damage,  with  five  perforations  of  the  ORU  face  sheet  less  than  0.4  mm 
across.  No  damage  was  done  to  the  ORU  back  face.  In  test  A 1634,  the  ricochet  panel  sustained  over  125 
perforations,  with  one  penetration  of  the  ORU  face  sheet  (0.5  mm  across). 

Overall  the  ORU  panels  showed  only  surface  damage  to  the  face  sheets  and  minimal  damage  to  the  back 
face.  No  evidence  of  failure  due  to  secondary  debris  was  found  in  this  study. 


Wavefiuide 

The  Ku-band  waveguide  for  SSF  is  positioned  on  the  Ku-band  antenna  boom  on  the  top.  front  of  the 
truss  structure.  The  waveguide  may  be  subjected  to  secondary  ricochet  debris  from  the  truss  structure  or 
the  radiators.  The  antenna  boom  in  the  test  was  modeled  to  show  any  further  secondary  debris  effects. 
Two  tests  were  completed  for  the  waveguide  at  0  =  60°.  A  section  of  copper  waveguide  was  paired  with 
a  radiator  panel,  impacted  by  a  nylon  particle,  in  test  A 1 544.  An  aluminum  waveguide  with  flanges  was 
coupled  with  a  truss  plate,  impacted  by  an  aluminum  panicle,  in  test  A 1597.  The  aluminum  waveguide 
was  measured  for  wave  properties  before  and  after  the  impact  testing.  In  both  tests,  the  waveguide  was 
placed  in  the  ricochet  target  position  at  a  standoff  of  6  in.  from  the  impact  site. 

In  test  A 1544.  the  copper  waveguide  showed  no  perforations  but  many  small  craters  (0.1  to  0.8  mm 
across)  within  an  impact  area  2.5  by  7.0  cm  on  and  around  the  waveguide.  The  damage  was  considered 
negligible  based  upon  the  results  of  test  A 1597.  There  are  two  possible  reasons  for  tbe  small  amount  of 
damage  on  the  copper  waveguide.  First,  a  nylon  particle  disintegrates  on  impact.  Second,  the  radiator 
panels  produce  small  ricochet  particles  since  they  have  fairly  thin  face  sheets,  0.0254  cm  (0.01  in.)  thick, 
and  most  of  the  ricochet  debris  is  from  the  face  sheet. 

In  test  A 1597,  the  waveguide  was  found  to  be  perforated  in  12  places  (0.1  to  2.0  mm  acro.ss)  within  an 
impact  area  of  1 1.5  by  1 1.8  cm  on  and  around  the  waveguide.  There  were  many  craters,  which  made 
dimples  on  the  inner  surface  of  the  waveguide,  ranging  in  diameter  from  0. 1  to  1 .7  mm.  The  damage  was 
more  severe  than  in  test  A 1544  due  to  the  aluminum  versus  nylon  particle,  as  well  as  the  primary  target. 
The  radiator  panels  produced  less  ricochet  debris  than  did  the  truss  plates  due  to  the  thin  face  sheets. 
Most  of  the  debris  from  the  radiator  panels  traveled  out  the  back  of  the  panel.  Although  the  waveguide 
sustained  concentrated  perforations,  antenna  performance  was  not  seriously  affected  in  comparison  to 
before  the  IIVI  test. 


THEORETICAL  COMPARISON 

A  review  of  the  available  results  from  previous  studies  provided  some  insight  into  the  expected  study 
results,  as  well  as  equations  for  deriving  the  penetration  and  impact  angles  described  earlier  in  this  paper. 
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First,  a  review  of  the  available  sources  gave  a  set  of  conclusions  that  were  compared  with  the  test  results 
from  this  study.  The  previous  findings  are  as  follows: 

(1)  There  is  a  critical  angle  of  obliquity  for  ricochet  debris  (60°  <  0  <  65°).  Projectiles  with  0  less 
than  the  critical  angle  produce  greater  damage  to  the  interior  walls  behind  the  primary  plate. 
Projectiles  with  0  greater  than  the  critical  angle  generate  more  ricochet  debris,  resulting  in  greater 
damage  to  ricochet  targets. 

(2)  The  most  serious  ricochet  damage  was  found  to  occur  within  an  angle  of  a  =  15.  pect  to 

the  plane  of  the  primary  plate. 

(3)  The  damage  potential  of  ricochet  debris  is  difficult  to  extrapolate  from  existing  data  due  to 
coupling  effects  of  ricochet  particle  size  and  velocity. 

The  objectives  of  this  study  did  not  provide  enough  data  to  investigate  the  first  statement  completely. 
However,  as  0  increased  from  45°  to  60°,  the  amount  of  ricochet  damage  increased.  The  results  of  this 
study  showed  agreement  with  statement  2.  At  the  higher  angle  of  0  =  60°,  the  worst  ricochet  damage 
was  concentrated  at  a  low  angle  of  a  <  15°.  For  0  =  45°,  the  results  were  inconclusive  since  the  damage 
due  to  ricochet  debris  is  reduced.  The  third  statement  is  obvious  based  upon  the  complexity  of  the 
MM/OD  problem  and  the  variables  involved. 

The  available  literature  provided  three  sets  of  related  equations  for  predicting  the  penetration  and 
ricochet  angles  of  secondary  debris  from  aluminum  impacts  on  aluminum  plates.  The  three  sets  were 
derived  during  sequential  studies  conducted  at  Marshall  Space  Flight  Center  (MSFC).  The  third  set  is 
considered  the  best  for  use  in  this  comparison.  All  of  the  equations  had  roughly  the  same  qualifying 
parameters,  with  respect  to  primary  plate  thickness  (ts),  impact  velocity  (V),  and  obliquity  (0).  This  set 
of  parameters  eliminated  all  but  shots  A 1534,  A 1537,  A 162),  A 1625,  A 1639,  and  A 1642  for  the  module 
bumper.  The  set  of  equations  for  predicting  Dmin,  Dmax,  0^,  099, 71,  Y2>  ®1>  snd  02,  which  were  used 


for  comparison  with  the  study  data,  came  from  Schonberg  and  Taylor  (1989b). 

Dmin/d  =  2.825  (V/C)'' 1.043  (cos  0)''O.283  (ts/d)''0.782  +  1.01  0°  <  0  <  75°  (1) 

Dmax/d  =  1 .25  (V/C)''0.85 1  e'^  1 .064  0  (ts/d)''0.672  +1.4  0°  <  0  <  75°  (2) 

01/0  =  0.1 84  (V/C)''0.29  (cos  0)^1. 372  (ts/d)''-0.488  45°  <  0  <  75°  (3) 

02/0  =  0.49  (V/C)''-0.056  (cos  0)''O.9O9  (ts/d)''-0.626  30”  <  0  <  75°  (4) 

ac/0  =  O.O33(V/C)^O.982  (sin0)'^-3.215(ts/d)^-O.531  45°<0<75°  (5) 

099/0  =  0. 194  (V/C)''0.39  (sin  0)''- 1. 874  (ts/d)^-0.235  45°  <  0  <  75°  (6) 

7l/0  =  O.417(V/C)''O.228(cos0)''O.225(ts/d)''-O.491  45°  <  0  <  75°  (7) 

72/0  =  2.539  ( V/C)^  1.217  (cos  Q)''2.912  (ts/d)''0.296  30°  <  0  <  65°  (8) 


Where; 

d  =  impacting  particle  diameter 
C  =  speed  of  sound  in  primary  target  material 
V  =  impacting  particle  velocity 
ts  =  thickness  of  primary  target  plate 

The  equations  above  are  valid  for  0.0853  <  ts/d  <  0.4278  and  5  <  V  <  8  km/s. 

Table  7  shows  the  results  of  the  equations  along  with  the  test  data.  The  percentage  difference 
calculations  show  that  the  correlation  with  previous  theory  is  not  very  good.  However,  this  could  be  due 
to  several  factors.  First,  the  measurements  can  be  affected  by  who  is  recording  the  data  and  the 
methodology  used.  This  was  especially  apparent  with  the  angle  etc,  which  varied  depending  on  the  data 
analyst  and  the  measurement  approach.  The  correct  assessment  for  etc  would  be  to  measure  each  crater 
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Table  7a.  Dmin  and  Dmax  comparison 


Shot 

0 

Dmin  (cm) 

Dmax  (cm) 

number 

(deg) 

Test 

MSFC  equation 

Difference  (%) 

Test 

MSFC  equation 

Difference  (%) 

A 1534 

45 

0.76 

0.86 

-11.63 

.9 

1.0.38 

-13.8 

A 1537 

60 

0.75 

0.777 

-3.47 

1.01 

1.234 

-22.4 

A1621 

60 

0.74 

0.758 

-2.37 

1.01 

1.208 

-19.8 

A 1625 

45 

0.8 

0.820 

-2.0 

.95 

1.033 

-8.3 

A 1 639 

60 

0.74 

0.758 

-1.8 

1.02 

1.206 

-18.6 

A1642 

45 

0.79 

0.811 

-2.1 

.91 

1.024 

-11.4 

Table  7b.  Oq  and  099  comparison 

Oc  (deg) 

a99  (deg) 

Shot 

0 

number 

(deg) 

Test 

MSFC  equation 

Difference  (%) 

Test 

MSFC  equation 

Difference  (%) 

A 1534 

45 

23.5 

9.23 

154.6 

41 

22.68 

80.7 

A 1537 

60 

11.0 

6.39 

72.4 

38 

20.65 

84.02 

A1621 

60 

12.0 

6.15 

95.12 

32 

20.34 

57.32 

A 1625 

45 

18.5 

9.13 

102.6 

42 

22.58 

86.1 

A 1639 

60 

14.0 

6.14 

128.01 

41 

20.32 

101.7 

A 1642 

45 

20.0 

8.97 

122.9 

46 

22.43 

105.08 

Table  7c.  Yj  and  72  comparison 

Y1  (deg) 

72  (deg) 

Shot 

0 

number 

(deg) 

Test 

MSFC  equation 

Difference  (%) 

Test 

MSFC  equation 

Difference  (%) 

A 1534 

45 

31 

28.69 

8.05 

16 

41.15 

-61.12 

A1537 

60 

21 

35.35 

-40.59 

29 

19.52 

48.56 

A1621 

60 

76 

35.03 

116.9 

2 

18..59 

-89.24 

A 1625 

45 

69 

28.61 

141.17 

31 

40.61 

-23.66 

A 1639 

60 

70 

35.02 

99.88 

14 

18.55 

-24.53 

A1642 

45 

63 

28.5 

121.05 

29 

39.75 

-27.04 

Table  7d.  0]  and  02  comparison 


01  (deg)  02  (deg) 


Shot 

0 

number 

(deg) 

Test 

MSFC  equation 

Difference  (%) 

Test 

MSFC  equation 

Difference  (%) 

A 1534 

45 

9 

8.6 

4.65 

38 

28.18 

34.8 

A  15.37 

60 

10 

7.12 

40.45 

35 

27.43 

27.59 

A1621 

60 

59 

7.04 

738.1 

77 

27.5 

180 

A 1625 

45 

35 

8.58 

307.9 

62 

28.21 

119.78 

A  16.39 

60 

41 

7.04 

482.4 

58 

27.5 

110.9 

A1642 

45 

29 

8.53 

239.97 

52 

28.24 

84.13 
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dimension  and  location  to  find  the  center  of  mass.  However,  due  to  time  and  measurement  capabilities, 
ac  was  estimated  as  the  angle  for  half  the  distance  from  the  lowest  point  of  damage  on  the  secondary 
target  to  the  location  of  maximum  damage.  Another  possible  reason  for  differences  between  theory  and 
test  is  the  positioning  and  shape  of  the  test  articles.  The  test  program  was  meant  to  simulate  actual  SSF 
hardware.  Hardly  any  of  these  objects  were  simple,  flat  plates  as  in  the  previous  studies.  For  instance,  the 
fluid  umbilicals  were  6-in.  cylinders.  This  complicates  the  data  somewhat,  which  may  contribute  to  the 
lack  of  correlation  between  the  theory  and  test  data. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Thus  far,  no  catastrophic  or  complete  failures,  due  to  secondary  debris  impacts,  have  been  seen  for  any 
of  the  hardware  evaluated  in  this  study.  Based  upon  the  preliminary  test  parameter  analysis,  larger 
particles  will  be  seen  on-orbit  than  were  used  in  the  latest  tests.  Therefore,  further  testing  with  larger 
particles  is  recommended,  especially  for  the  umbilicals  and  ORU  boxes,  which  did  show  possible 
impacts  to  the  internal  hardware  (fluid  lines,  cables,  and  batteries).  This  study  also  looked  at  the 
minimum  critical  angle  for  ricochet  debris.  Further  evaluation  of  higher  impact  angles,  such  as  70°,  may 
be  beneficial. 

As  far  as  the  comparison  with  previous  theory,  this  study  did  not  provide  enough  usable  data  for  an 
effective  comparison.  The  data  that  was  available  did  not  correlate  very  well.  Several  possible  reasons 
for  the  lack  of  correlation  were  discussed.  Some  additional  work  in  this  area  may  be  beneficial, 
especially  if  it  expands  the  theory  to  include  thicknesses  that  cover  the  range  of  the  truss  members. 


FUTURE  WORK 

Continuing  work  for  the  Secondary  Debris  Impact  Damage  and  Environment  Study  will  include: 

( 1 )  Additional  testing  at  higher  obliquities  and  with  larger  particles 

(2)  Continued  testing  with  further  SSF  hardware 

(.3)  A  test  program  to  evaluate  and  quantify  secondary  debris  flux  around  the  truss  structure,  module 
pattern,  and  radiators. 
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ABSTRACT 

Five  different  small  particle  capture  cell  designs  were  evaluated  for  their  ability  to  capture  fragments  and  residue  from 
10-200  pm  diameter  glass  projectiles  and  oblong  olivine  crystals  impacting  at  1-15  km/s  in  sufficient  quantity  for 
chemicd  and  isotopic  analyses.  Aluminum  multi-foils  (0.1-100  pm  thick  with  -10,  100  and  1800  pm  spacing),  foil 
covered  germanium  crystals,  and  0.50  and  0.120  g/cm3  Aerogels,  were  positioned  behind  either  multi-film  (1. 4-6.0 
pm  thick)  i»lyvinylidene  fluoride  (PVDF)  velocity/trajectory  sensor  devices  or  a  simple  wire-grid  plasma  velocity 
detector.  All  capture  cells  collected  significant  amounts  of  impactor  debris  behind  the  PVDF  sensors  from  notnini 
100  pm  diameter  glass  projectiles  and  olivine  crystals  which  struck  the  sensor  at  velocities  up  to  6.4  km/s.  At 
velocities  >8  km/s  little  or  no  debris  penetrated  the  second  PVDF  film.  Results  were  inconclusive  for  velocities 
between  6.5  and  8  km/s.  Plasma  detector  results  showed  identifiable  impactor  residue  on  A1  foils  for  velocities  up  to 
8.7  km/s  and  impact  tracks  with  apparent  debris  imbedded  in  the  Aerogels  for  velocities  up  to  12.7  km/s.  Maximum 
foil  penetration  of  glass  spheres  and  olivine  crystals  were  the  same,  but  more  particulate  debris  was  associated  with 
olivine  crystal  ipacts  versus  glass  impacts.  Foil  spacing  beyond  one  particle  diameter  had  no  effect  on  total 
penetration.  Aerogels  are  identified  as  a  capture  cell  media  that  warrants  further  investigation.  The  A1  multi-foil 
capture  cell  with  100  pm  net  spacers  is  identified  as  the  most  effective  of  the  other  designs  and  offers  the  advantages 
of  compact  structure,  low  secondary  ejecta  from  impacts,  and  easy  recovery  of  impactor  debris  for  analysis. 


INTRODUCTION 

As  part  of  a  continuing  effort  to  develop  cosmic  dust  detectors/collectors  for  use  in  space,  we  performed  a  set  of 
hypervelocity  impact  experiments  on  combined  sensor/capture-cell  assemblies  using  10-200  pm  diameter  glass 
projectiles  and  olivine  crystals  at  velocities  of  0.9-14.4  km/s.  The  design  objective  of  the  space-flight  instrument  is  to 
measure  the  trajectories  of  individual  particles  with  sufficient  accuracy  to  piermit  identification  of  their  parent  bodies 
and  to  capture  enough  impactor  material  to  allow  chemical  and  isotopic  analyses  of  samples  returned  to  earth.  In  this 
study  we  report  on  the  morphology  of  impacts  in  various  types  of  capture  cells  after  passage  through  two  PVDF 
sensor  films.  We  identified  impactor  fragments  in  selected  capture  cells  from  impacts  at  velocities  up  to  6.4  km/s 
using  scanning  electron  microscopy  with  energy  dispersive  spectroscopy  (SEM/EDS)  and  report  qualitatively  on 
chemical  fractionation  of  selected  soda-lime  glass  impactor  fragments. 


EXPERIMENTAL 
Dust  Accelerators 

Two  hypervelocity  launchers  were  used  in  this  study.  The  plasma  gun  facility  at  the  Technical  University  of  Munich 
is  fully  described  by  Igenbergs  etal.,  (1987)  and  Hudepohl  etal.,  (1989).  Nominal  100  fim  diameter  soda-lime  glass 
projectiles  used  in  this  study  were  highly  eroded,  partially  melted,  and  sometimes  fused  by  the  100  km/s  high 
temperature  He  plasma  that  drag  accelerated  them.  We  recorded  a  maximum  velocity  of  14.4  km/s  for  an  -175  lim 
glass  projectile  using  this  gun.  Impactor  size  was  determined  by  measuring  the  penetration  hole  above  an  impact  site 
in  an  ultra-thin  (-500A)  organic  polymer  film  (trade  named  "VYNS")  that  was  mounted  0.64  cm  ahead  of  the  first 
detector  film.  Projectile  sizes  could  iso  be  estimated  from  the  detector  signals  and/or  the  penetration  hole  in  the  first 
PVDF  sensor  film.  This  study  and  past  studies  have  established  the  relationship  between  particle  mass/velocity  and 
the  signal  generated  by  its  impact  into  the  detectors  (Simpson  et  al.,  1989a;  Tuzzolino,  1991,  1992).  These  same 
studies,  along  with  mote  recent  work  by  Horz  et  al.,  (1991)  on  teflon  films,  have  also  shown  that  a  penetration  hole 
to  impactor  diameter  ratio  (Dh/Dp)  of  <1.2  is  expected  for  systems  with  an  impactor/film-thickness  ratio  (Dp/Tf) 
>20:1,  and  a  Dh/Dp  of  -1.0  is  expected  for  penetrations  in  the  500A  polymer  film  where  Dp/Tf>200  for  projectiles 
>10  pm  in  diameter.  Thus,  post  experimental  analysis  of  detector  signals  and/or  penetration  holes  provided 
moderately  accurate  projectile  sizes  for  many  impactors. 

The  second  launcher  used  in  this  study  was  a  two  stage  light  gas  gun  at  the  Johnson  Space  Center  (JSC)  is  described 
by  Horz  (1989).  A  "shotgun"  technique  was  used  to  launch  100  pm  diameter  glass  beads  and  rectangular  olivine 
crystals  (maximum  dimensions  105  to  125  pm)  at  6-7  km/s.  Particles  were  placed  in  a  precision  bored  hole  in  the  end 
of  an  assembled  4-piece  sabot  and  held  in  place  with  bits  of  styrofoam.  Out  of  -100  particles  launched,  1  to  7  smick 
the  target  at  essentially  the  same  velocity  (measured  by  detection  of  impact  flash  and/or  sabot  velocity). 
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All  reported  velocities  are  for  impacts  into  the  first  PVDF  film.  A  velocity  reduction  of  0-20%  for  most  impactors  that 
penetrated  the  first  film  was  observed  by  measuring  the  time-of-flight  of  the  particle  (or  fragments)  between  the  first 
and  second  PVDF  films.  In  a  few  cases,  greater  velocity  reductions  (and  even  velocity  increases)  were  observed  for 
some  impactor  fragments.  Several  shots  were  made  into  three  film  sensors  in  order  to  observe  the  effect  of  the 
second  sensor  film  on  impactor  velocity.  Target  assemblies  were  positioned  normal  to  the  beam  line  in  all 
expteriments  except  two,  where  olivine  crystals  were  shot  into  targets  positioned  45°  from  normal. 


Sensor/Capture-Cell  Assemblies 

The  five  types  of  capture  cells  evaluated  are  shown  in  Figs.  la-e.  All  cells  used  the  same  type  of  2.3  x  (10  x  10)  cm 
aluminum  cassette  holder  to  mount  the  target  assemblies.  Four  of  the  five  capture  cell  designs  were  based  on  flight 
hardware  onboard  the  Solar  Maximum  satellite  or  the  Long  Duration  Exposure  Facility  (Lr't^F).  The  successful 
recovery  of  impactor  residue  in  the  multi-layer  thermal  blankets  retrieved  from  Solar  Max  (Schrantm  et  al..  1986; 
Laurance  and  Brownlee,  1986;  Bradley  et  al.,  1986;  Warren  et  al.,  1989)  led  to  the  choice  of  aluminum  foil  multi¬ 
layer  "blanket"  type  capture  cells  with  either  100  pm  thick  dacron  net  spacers,  or  no  spacers,  between  thin  (3-8  pm) 
Al  foils  mounted  on  a  25  pm  thick  Al  foil.  Another  muln-foil  design  incorporating  Al  films  from  0.1  to  100  pm  thick 
with  an  interfoil  spacing  of  1.8  mm  was  based  on  the  capture  cell  design  flown  by  McDonnell  et  al.,  (1984;  1990). 
Typical  foil  stacks  had  a  0. 1  or  0.3  pm  foil  on  top  for  event  registration,  followed  by  one  to  four  1 .0  and/or  3.0  pm 
foils,  which  were  then  followed  by  several  8  pm  foils  and  one  or  two  25  pm  and  100  pm  foils.  The  effect  of  foil 
thickness  order  was  investigated  by  varying  the  number  and  order  of  the  3  and  8  pm  foils.  Foils  <  3pm  thickness 
were  made  by  physical  vapor  deposition  of  Al  on  Ni  support  grids.  Other  foils  were  high  purity  cold  rolled  Al. 

Mounted  foils  were  scanned  on  a  light  box  and  any  background  pin  holes  were  marked  on  the  foil  surface  for  8-100 
pm  thick  foils,  or  on  a  plastic  mm  reference  grid  overlay  for  the  thinner,  0. 1  -3.0  pm,  foils.  Average  pinhole  (>~5 
pm)  counts  for  all  foils  were  less  than  llcrn^.  After  exposure  to  the  hypervelocity  particle  beam,  the  foils  were  again 
viewed  on  the  light  box  and  all  new  holes  were  noted  in  color  codes  on  plastic  grid  overlays.  This  system  was 
capable  of  easily  identifying  and  recording  locations  of  10  pm  diameter  holes  in  the  opaque  Al  films  with  the  unaided 
eye.  It  was  also  used  to  view  the  PVDF  sensor  films. 

A  fourth  capture  cell  design  was  based  on  our  own  foil-covered  (200  pm  spacing)  germanium  crystal  wafer  capture 
cell  that  also  flew  on  the  LDEF  (Jessberger  et  al.,  1985;  Fechtig  et  al.,  1987;  Amari  et  al.,  1991).  A  metal  coated,  2 
pm  thick  Mylar  film  used  in  the  original  design  to  cover  0.5  mm  thick  Ge  crystals  was  replaced  by  either  a  0. 1  or  1 .0 
pm  thick  aluminum  foil  in  this  series  of  experiments.  All  of  the  capture  cell  surfaces  in  these  four  designs  could  be 
accessed  easily  and  insetted  directly  into  analytical  instruments  such  as  optical  and  scanning  electron  microscopes 
(SEM)  and  secondary  ion  mass  spectrometers  (SIMS)  without  pre-treatment  of  the  impacted  area. 


Fig.  1 .  Five  capture  cell  designs,  (a)  "OS”  multi-foil  capture  cell,  1 .8  mm  foil  spacing, 
showing  position  of  2-film  PVDF  trajcctory/velocity  sensor,  VYNS  registration 
film,  and  effective  debris  dispersion  angle  [Q].  (b)  "CS-1"  multi-foil  capture 
cell,  10-20  pm  foil  spacing,  showing  position  of  wire  grid  plasma  detector. 

(c)  "CS-2"  multi-foil  capture  cell  with  100  pm  thick  dacron  net  spacers. 

(d)  "Ge"  capture  cell  with  cover  foil,  (c)  Aerogel  capture  cell  with  Al  cover  foil. 


A  fifth  capture  cell  design  consisted  of  either  a  12  or  a  23  mm  thick  slab  of  Aerogel  (50  and  120  mg/cm^. 
respectively)  preceded  by  one  thin  (<1  pm)  A1  foil  (1-2  mm  separation)  for  hole  registration  and  plasma  generation. 
Impact  damage  was  photo-documented  using  optical  microscopy.  Only  four  shots  were  made  with  the.se  capture  cells 
mated  to  PVDF  detectors,  and  the  results  were  inconclusive.  However,  fourteen  correlated  impact  events  with 
Aerogel  capture  cells  behind  the  plasma  detector  were  recorded.  After  photographic  documentation,  the  Aerogel- 120 
samples  were  returned  to  JSC,  and  the  Aerogel-50  samples  were  returned  to  the  Jet  Propulsion  Laboratory  (JPL), 
where  selected  particle  fragments  were  extracted  and  analyzed.  The  results  were  included  in  larger  studies  reported  by 
Zolensky  ei  al.,  (1990)  and  Tsou  et  at.,  (1990),  respectively,  and  agreed  well  with  other  studies  that  showed  retention 
of  some  crystalline  structure  and  most  impactor  mass  at  velocities  up  to  -7  km/s  (Tsou  et  at..  1989a,  b;  Zolenski  et 
at.,  1989;  Bunch  et  at.,  1990;  Barret  and  Zolenski,  1991)  Apparent  (optical  microscopy)  retention  of  impactor  debris 
in  Aerogel  at  velocities  up  to  12.7  km/s  was  observed  in  this  study,  but  not  confirmed. 

A  two  stage  thin  film  PVDF  particle  trajectory/velocity  sensor  developed  and  tested  by  our  co-investigators  at  the 
University  of  Chicago  was  evaluated  with  the  five  types  of  capture  cells.  (A  single  film  version  of  this  dust- 
detector/mass-analyzer  has  successfully  flown  on  the  two  USSR  Vega  spacecraft  which  encountered  comet  Halley  in 
March,  1986  [see  Ferkins  et  at.,  1985;  Simpson  et  at.,  1987a,  b,  1989b|.)  Tuzzolino  (1991,  1992)  has  reported 
results  of  the  trajectory/velocity  detector  portion  of  the  current  study.  The  sensors  function  by  detecting  penetrations 
of  electrically  active  thin  PVDF  or  PVDF-copolymer  films.  The  experimental  devices  consisted  of  2  or  3  frame 
mounted  (10x10  cm  with  8x8  cm  active  area)  PVDF  films  with  10-15  cm  spacing.  The  final  PVDF  film  was  5  mm 
above  the  eapture  cell  surface.  Some  of  the  PVDF  films  had  1  mm  wide,  electronically  distinguishable  strip 
electrodes  deposited  at  90°  angles  on  opposite  sides.  This  allowed  accurate  assessment  (1-3  mm)  of  the  x.y 
coordinates  of  an  impact  and  represented  a  true  velocity-trajectory  sensor  arrangement.  The  sensor  films  varied  in 
thickness  from  1.4  to  6.0  pm  and  the  effects  of  their  thickness  on  particle  fragmentation  and  total  film  penetration 
were  observed.  The  initial  shock  loads  resulted  in  varying  degrees  of  impactor  fragmentation.  An  attempt  was  made 
to  minimize  the  shock  load  on  fragments  that  survived  penetration  of  the  two  PVDF  films  by  placing  several  very  thin 
Al  foils  (0.1 -1.0  pm)  ahead  of  thicker  (3-25  pm)  foils  in  the  capture  cells.  In  two  experiments  a  0.3  pm  thick  Al  film 
was  placed  1.7  cm  behind  the  first  PVDF  film  to  register  initial  panicle  fragmentation  and  capture  impactor  debris. 

A  simple  wire  grid  plasma-type  velocity  detector  (Iglseder  and  Igenbergs,  1987)  constructed  and  operated  by  the 
Munich  plasma-gun  staff,  and  a  flash  detector  operated  by  the  JSC  gun  staff  were  used  in  several  tests  in  order  to 
observe  the  performance  of  capture  cells  on  unfragment^  projectiles.  Impactor  sizes  in  plasma  gun  shots  were 
determined  by  measuring  the  penetration  hole  sizes  in  a  -500.A  thick  polymer  film  positioned  in  front  of  the  detector 
grid,  or  estimated  using  the  associated  penetration  holes  in  the  first  capture  cell  foil  and  the  plasma  detector  signals. 
Impactor  sizes  in  the  JSC  light  gas  gun  shots  were  assumed  to  be  the  same  as  launched  particles. 


Impact  Analyasa 

All  impact  sites  were  examined  with  an  optical  microscope.  Representative  impacts  that  had  well  correlated  electronic 
test  data  from  the  PVDF  sensors  were  selected  for  SEM/EDS  analysts  using  a  JEOL  JSM-840A  SEM  equipped  with  a 
Tracor/Northem  EDS  with  two  dimensional,  8-element  x-ray  mapping  capability.  The  effects  of  intermixing  of 
capture  cell  and  impactor  materials  were  minimized  by  using  high  purity  Al  and  Ge  target  materials.  Impact  veas  on 
Al  foils  were  cut  out  using  a  2.5  cm  dia.  ring  mount  for  SEM  analysis.  Ge  crystal  wafers  were  inserted  directly  into 
the  instrument.  This  is  a  significant  advantage  since  samples  are  available  for  immediate  analyses  upon  return  from 
orbit.  The  major  disadvantage  to  these  types  of  capture  cells  is  the  high  specific  shock  imparted  to  the  small  particles, 
especially  into  the  Ge  target,  which  results  in  the  loss  of  most  structural  information  and  may  cause  chemical,  and 
possibly  isotopic,  fractionation,  as  well  as  intermixing  of  capture  cell  materials  with  projectile  material.  X-ray  maps 
of  Na,  Mg,  Si,  and  Ca  concentrations  were  recorded  at  300X  magnification  over  selected  impact  areas  around 
penetration  holes  and  craters.  This  allowed  identification  of  ~2  >im  size  particles  that  had  higher  than  background 
concentrations  of  any  or  all  of  the.se  elements.  Processing  of  the  x-ray  maps  allowed  identification  of  glass  and 
olivine  projectile  debiis  and  relative  element  abundances.  This  technique  was  extremely  useful  in  identifying  debris 
deposits  and  segregating  them  from  target  debris  and  artifacts.  It  was  apparent  throughout  the  SEMIEDS 
analyses  that  debris  morphology  alone  could  not  be  used  to  accurately  distinguish  impactor  debris 
from  target  debris.  Several  examples  of  this  point  are  presented  in  the  next  section.  Elemental  line  intensity  ratios 
were  used  to  verify  the  presence  or  absence  of  edge  effects  in  the  x-ray  spectra  that  may  have  led  to  misidentification 
of  debris  liners.  The  automated  mapping  was  augmented  by  extensive  viewing  and  x-ray  spot  and  area  analyses  at 
higher  magnifications  and  lower  beam  voltages.  However,  very  thin  deposits  c.  material  (<100  nm),  such  as  light 
vapor  condensates,  would  not  be  identified  by  these  techniques.  Our  past  experience  has  shown  that  when  sufficient 
materia]  exists  to  allow  identification  with  EDS.  there  is  ample  material  for  isotopic  analyses  using  SIMS. 

The  extent  of  chemical  fractionation  of  impactors  is  addressed  qualitatively  in  this  study,  a  limitation  due  to  the 
inherent  heterogeneity  of  the  glass  projectiles  used  in  most  experiments.  Results  from  quantitative  EDS  analyses  of 
five  nominal  100  pm  diameter  soda  lime  glass  beads  randomly  selected  from  the  batch  used  as  projectiles,  and  for  a 
melt  residue  of  a  projectile  found  in  an  Al  foil  stack  after  a  2.74  km/s  impact,  are  shown  in  Table  1 .  Quantitative 
analyses  of  olivine  crystals  and  residues  have  not  been  performed  at  this  time.  (Major  elements  in  the  oliv  ine  crystals 
were  O,  Mg  and  Si.)  NBS  standard  glasses  107  and  108  (basalts),  202  (labradorite),  217  (Sr  feldspar),  218 
(celsian),  242  fuvite),  and  620  (soda  lime  glass)  were  used  for  instrument  calibration. 

Penetration  hole  diameters  (Dh)  and  foil  thicknesses  (Tf)  were  used  to  estimate  the  apparent  diameters  (Dp)  of  major 
impactor  fragments  that  penetrated  various  capture-cell  foils  using  the  Dh/Tf  versus  Dp/Tf  relations  developed  by 
Carey  et  al.  (1987),  and  empirically  quantified  by  Horz  et  al.  (1991)  for  glass/Al  and  glass/teflon  impactor/target 
systems.  Mean  diameters  for  oval  holes  were  calculated  using  the  relation:  Dh  =  |(da)(db)l  where  da  and  db  are 
the  major  and  minor  axes.  Masses  were  calculated  from  Dp  values  using  a  density  value  of  2.6  g/cm-^  for  the  glass. 


Table  1 .  Quantitative  EDS  analyses  of  five  nominal  100  jim  soda-lime  glass  projectiles 
before  launch  and  an  impactor  melt  residue  after  a  2.74  km/scc  impact. 
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RESULTS 

Impact  sites  whose  geographic  locations  were  matched  to  impactor  velocity/size  data  with  high  confidence  were 
considered  correlated  events.  A  total  of  93  shots  produced  a  total  of  75  correlated  impacts  at  velocities  of  0.9  to  14.4 
km/s.  Individual  experimental  conditions  and  capture  cell  results  for  correlated  impac:ors  are  listed  in  Table  2  in  order 
of  increasing  impactor  velocity  under  each  sensor/capture-cell  category.  Analytical  results  are  described  below  for 
four  representative  impact  events;  two  impacts  of  nominal  100  pm  glass  panicles  in  OS  type  capture  cells  (1.8  mm  foil 
spacing)  positioned  behind  two-film  PVDF  sensors  at  velocities  of  2.7  and  4.8  km/s,  and  one  similar  impact  behind  a 
three-film  PVDF  sensor  at  6.4  km/s;  and  one  set  of  olivine  crystal  impacts  into  a  CS-2  type  capture  cell  (100  pm  foil 
spacing)  positioned  behind  a  simulated  two-film  PVDF  sensor  (1.5  pm  thic':  Mylar  films  were  substituted  for  active 
PVDF  films)  at  6.2  km/s  and  a  45°  angle. 

All  impactors  fragmented  during  the  multiple  shock  impact  events  experienced  in  multi-film  sensor/capture-cell 
assemblies.  Significant  amounts  of  impactor  debris  in  the  form  of  melted  and  embedded  globs  and  spatters  and  partial 
melt  rims  around  holes  and  craters  in  most  foils,  were  observed  for  impacts  at  velocities  ^.4  km/s.  The  only  verified 
intact  capture  of  impactors  was  observed  in  A- 120  and  A-50  cells  behmd  the  plasma  detector  at  velocities  <3.5  km/s. 
Intact  capture  of  similar  size  particles  and/or  large  fragments  at  velocities  up  to  7  km/s  has  been  reported  by  Tsou  et 
al.,  (1988,  1989,  1990)  and  ^lenski  et  ai,  (1989,  1990),  and  indeed  there  appeared  to  be  well  defined  particles  at 
the  end  of  Aerogel  tracks  at  velocities  up  to  12.7  km/s  in  o"r  experiments.  Six  shots  were  performed  on 
PVDF/Aerogel  assemblies  in  this  study,  but  results  were  inconcU  sive  due  to  the  difficulty  in  identifying  small  glass 
and  olivine  fragments  in  the  Aerogel  matrix.  Colored  projectiles  could  mitigate  this  problem  in  future  studies. 

Two  major  criteria  were  of  interest  in  evaluating  multi-foil  capture  cell  performance  as  it  related  to  the  survival  and 
subsequent  identification  of  impactor  debris;  [  1 )  the  effective  debris  dispersion  angle,  £2,  and  [2]  the  total  (cumulative) 
foil  penetration.  Ft  =  LFj  (where  Fj  is  Al  or  PVDF  foil  thickness).  £2  for  the  mixture  of  target/impactor  fragments 
exiting  the  second  PVDF  film  was  determined  using  the  formula  tan£2  =  ¥/21}  where  ¥  equals  the  maximum  dimension 
of  the  impact  affected  area  on  the  first  Al  foil  in  the  capture  cell  and  B  equals  the  distance  from  the  first  PVDF  film  to 
the  first  capture  cell  foil  (see  £2  illustrated  in  Fig.  la).  This  angle  describes  the  dispersion  of  surviving  impactor 
fragments  and  vaporized  material  and  is  directly  related  to  the  practical  ability  to  locate  these  materials  for  analysis. 

£2  values  are  not  directly  comparable  to  dispersion  angles  determined  in  one  aim  penetration  studies  since  two  PVDF 
films  were  penetrated  and  the  large  standoff  distance  between  the  first  and  second  sensor  films  (10-15  cm  compared  to 
the  0.01  cm  diameter  projectiles)  precluded  observation  of  impact  induced  damage  from  the  spray  of  very  fine 
particles  associated  with  fragmented  hypervelocity  projectiles.  £2  values  for  debris  clouds  ranged  from  0.6°  to  5.0°. 
with  a  mean  of  2.5°  ±  1.4°  for  normal  impacts  in  the  d9  to  7.7  km/s  range  (Table  2,  Fig.  2).  Four  olivine  particle 
impacts  at  45°  (shot  454)  had  £2  values  of  0.6°  to  3.5°,  with  a  mean  of  1.7°  ±  1.3°.  At  velocities  >8  km/s,  very  litUe 
impactor  debris  reached  the  capture  .  Us  after  penetrating  two  PVDF  sensor  films. 


Multi-Foil  Capture  Ceil  Penetration  Results 

Impactor  fragments  that  survived  penetration  of  the  two  PVDF  films  fragmented  further  during  subsequent  foil 
penetrations.  Among  the  critical  design  criteria  for  multi-foil  capture  cells  are  the  selections  of  the  thickness,  number, 
ordering  and  spacing  of  the  foils  required  to  stop  the  most  penetrating  micrometeorites.  These  parameters  are  listed  in 
Table  2  for  the  experiments  in  this  study  along  with  associated  impactor  sizes  and  velocities.  A  penetration  refers  to  a 
hole  through  a  film,  even  if  it  is  the  result  of  back  .side  spallation.  A  plot  of  Ft,  total  (cumulative)  film  penetration 
versus  velocity  for  the  different  multi-foil  detector/capture-cell  combinations  is  presented  in  Fig.  3.  In  some  cases  a 
debris  fragment  imbedded  into  or  cratered  the  final  film,  but  in  most  instances  the  debris  was  deposited  on  top  of  the 
final  film.  In  some  impacts  over  8  km/s  the  final  PVDF  sensor  film  was  not  penetrated.  Imnactor  diameter:  for  the 
plotted  data  ranged  from  -10-175  nm  (see  Table  2).  me  plotted  data  were  not  cs  .ed  for  impactor  mass 
differences,  nor  were  corrections  made  for  differences  in  physical  properties  of  the  polymei.,  PVDF  films  and  the  Al 
films.  (Numeiical  simulation  has  shown  that  the  peak  compressive  stresses  experienced  by  100  nm  impactors  into  2, 
5  and  10  pm  thick  Mylar  and  Al  films  are  in  the  lO’O  to  10*’  Pa  range,  and  are  within  a  factor  of  two  of  each  other  for 
velocities  >8  km/s,  and  within  a  factor  of  five  for  a  5  km/s  impact  IC.Tney  et  al.,  1989].) 

The  data  show  a  clear  trend  of  decreasing  cumulative  film  penetration  with  increasing  velocity  for  all  ser.sor/multi-foil 
capture  cell  assemblies.  Ft  values  for  assemblies  that  employed  three  films  in  the  sensor  portion,  either  three  PVDF  or 
two  PVDF  and  one  0.3  pm  Al  foil,  along  with  OS  or  CS-2  capture  cells  showed  more  scatter  than  the  2-!ilm- 
sensor/OS  data  but  were  in  the  same  general  range  or  lower.  Ft  values  for  normal  incidence  glass  and  olivine  impacts 
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Table  2.  Summary  of  impact  test  results  for  sensor/capture-cell  assemblies  using  glass 
and  olivine  (shots  447, 450  and  454)  projectiles.  Targets  were  normal  to  the 
flightpath  except  where  noted.  OS=Al  foils,  1.8  mm  spacing;  CS-1=A1  foils, 
no  spacers,  10-20  pm  separation;  CS-2=A1  foils,  100  pm  dacron  net  spacers; 


Ge=  Ge  wafer,  A1  cover  foil;  A-120=120mg/cm^  Aerogel,  A1  cover  foil. 
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0.3+3+3+3+3+8=20.3 

24.1 

7  X  14 

2.7 

45 

4.4 

-80 

1.6+2.2=3.8  " 

0.3+3+3+3+3+8=20.3 

24.1 

14x  16 

3.1 

♦  23 

4.8 

-100 

6+6=12  " 

0.1+3+8=11.1 

23.1 

13x26 

5.0 

45 

4.9  ~ 

100-150 

1.6+2.2=3.8  " 

0.3+3+3+3+3+8=20.3 

24.1 

- 

- 

23 

5.6 

-100 

6+6=12  " 

0.1 +3=3.1 

15.1 

15x20 

3.9 

10 

7.7 

24 

3.3+2.5=5.8  " 

0. 1  + 1+3=4. 1 

9.9 

8x9 

1.7 

12 

8.0 

31  x93 

2.0+1. 5=3.5  " 

1.0 

4.5 

- 

- 

41 

8.1 

cluster 

1.6+f2.21<3.8  " 

0 

<3.8 

0 

35 

1.8 

-100 

4.5+4.9=9.4  CS-I 

0.1+3+(4x8)+25=60.1 

69.5 

4x7 

1.4 

35 

2.1 

-100 

4.5+4.9=9.4  " 

0.1+3+(4x8)+(~12)=-47 

-56 

14x  15 

2.9 

30 

2.7 

-50 

4.5+4.9=9.4  " 

0.1+3+(4x8)=35.1 

44.5 

12x  14 

2.7 

26 

4.7 

85 

4.5+4.9=9.4  " 

0.1+3+(4x8)=35.1 

44.5 

25x25 

4.8 

Mil 

5.() 

-60 

4.5+49=9.4  " 

0.1+3+f4x8)=35.1 

44.5 

17x20 

3.9 

451 

6.0 

-115 

15+5.4=6.9  CS  2 

2.5+(3x4)=14.5 

21.1 

(not  rec.) 

406 

6.1 

-100 

1.6+2.2=3.8  ” 

3+(4x8)=35 

38.8 

6x6 

1.2 

"  '* 

*’ 

'* 

7x9 

1.7 

450 

6.2 

-115 

5.4+4=9.4  " 

2.5+(3x4)=14.5 

23.9 

(not  rcc.) 

*454 

6.2 

-115 

1.5+1.5=3.0  " 

2.5+4+4=10.5 

13.5 

4x10 

1.9 

(45°) 

" 

»  « 

” 

4x18 

3.5 

** 

" 

>1  II 

2.5+(3x4)=14.5 

17.5 

2x4 

0.8 

'* 

u 

M  U 

2x3 

0.6 

48 

2.7 

07 

1.6+2.2=3.8  Ge 

(1.0) 

4.8+crater 

7x  12 

2.3 

29 

4.7 

24x  27 

4.5+4.9=9.4  " 

(1.0) 

7.7-KTater 

- 

- 

20 

5.5 

65x80 

6+6=12  " 

(1.0) 

13.0+crater 

- 

- 

40 

10.2 

-70 

2.0+(l.5)<3.5  " 

0 

<3.5 

- 

- 

■BxOJ 

0 

- 

. 

63 

8.4 

(>100) 

2.2+2.9=51  A-12C 

(0.1) 

no  visible  tracks 

- 

12.0 

■siui 

2.2+2.9=5.1 

(O.n 

- 

Targets  with  3-rilm  PVDF  sensors 

49 

5.2 

-30-40 

1.6+2.2+2.5=6.3  OS  0.3 

6.6 

- 

- 

*  55 

6.4 

-85 

2.2+2.9+3.5=8.6  " 

0.3+3+3+8=14.3 

22.9 

- 

- 

58 

7.7 

120 

2.2+2.9+3.5=8.6  " 

0.3 

8.9 

- 

- 

52 

12.0  63x92 

I.6+(2.2)+0<3.8  ” 

0 

<3.8 

- 

- 

54 

13.1 

<10 

1.6+0+0<1.6  " 

0 

<1.6 

- 

- 

53 

14.1 

48 

1.6+(2.2)+0<3.8  " 

0 

<3.8 

- 

- 

^6 

14.4 

-175 

22+2.9+3.5=8.6  " 

_ 03 

8.9 

- 

- 

62 

5.0 

95 

2.2+(0.3  Al)+2.9=5.4  CS-2  0.3+3=3.3 

8.7 

- 

- 

59 

IDH 

_ 52 

0.3 

5.7 

- 

- 

Targets  with 

flash  detector 

403 

6.2 

-10() 

-  CS-2 

1+3+3+8+8=23 

23 

- 

- 

447 

6.2 

-115 

-  CS-2 

3+(6x4)=27 

27 

- 

- 

" 

" 

3+(5x4)=23 

23 

- 

- 

Targets  with  plasma  detector 

M  6.8  50 

-  OS 

0.1  +  1+3+8=12.1 

12.1 

■wRIOiaaMHI 

12.1 

- 

- 

A  2.6  71x83 

-  CS-l 

0.1+3-‘  f4x8H25=60,l 

- 

- 
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Table  2.  (cont.)  A-50  and  A-120  =  50  and  120  mg/cm^,  respectively.  Aerogel  targets. 


Aeroeel  tareeti 

with  plasma  detector 

Impact  track  dimensions  (pmi 

Shot 

Velocity 

^Impactor 

Capnire 

Entrance 

max. 

fracniie  zone  "Projectile" 

No. 

(ktiV?) 

size  (um) 

cell  tvpe 

hole  dia. 

leneth 

width 

width 

debris  dia. 

G 

<1.9 

61  X  76 

A-120 

56 

1500 

310 

630 

125 

S 

2.1 

100-(-90 

A-120 

105 

-1200 

220 

890 

97-1-89  (fused) 

R 

2.9 

(medium) 

A-120 

95 

1950 

280 

620 

70 

G 

3.1 

91  X  129 

A-120 

160 

3060 

440 

940 

IIU 

J 

4.3 

(medium) 

A-120 

(hit  grid  wire) 

-1500 

~3mm 

spray  area 

frag 

B 

3.9 

(70) 

A-120 

(frag,  1630) 

-1500 

(1630) 

- 

frag 

B 

5.4 

(60) 

A-120 

126 

2890 

270 

760 

250 

J 

7.1 

(medium) 

A-120 

(hit  grid  wire) 

-1500 

~3mm  spray  area 

frag 

S 

12.3 

(medium) 

A-120 

190 

3940 

440 

570 

89 

F 

12.7 

30  X  45 

A-120 

-60 

830 

130 

580 

37 

E 

2.2 

68 

A-50 

BIH 

280 

940 

63 

E 

3.5 

46x91 

A-50 

310 

810 

frag 

H 

6.9 

-80 

A-50 

410 

940 

frag 

H 

A-50 

■ICHiH 

440 

2250 

ftae 

♦Detailed  SEM/EDS  analyses  of  these  impact  events  are  presented  in  the  text. 

^Values  in  ( )  were  estimated  using  plasma  detector  response  calibration  curves  derived  from  A1  plate  impacts. 


at  6  km/s  into  CS-2  capture  cells  behind  two-film  PVDF  sensors  also  showed  more  scatter  than  similar  impacts  into 
OS  capture  cells,  ranging  from  23  to  39  pm.  The  lower  values  are  associated  with  thicker  PVDF  films,  larger  debris 
dispersion  angles,  and  thinner  capture  cell  foils.  In  both  cases,  either  6  or  7  films  were  penetrated.  This  result  led  to 
replacement  of  8  pm  A1  capture  cell  foils  with  4  pm  foils  in  subsequent  shots.  A  subsequent  shot  at  6.2  km/s  at  a  45° 
angle  through  simulated  sensor  films  (1.5  pm  thick  Mylar)  into  4  pm  A1  foils  yielded  Ft  values  of  11  and  15  pm. 

Four  correlated  high  speed  impacts  (>12  km/s)  were  recorded  with  3-film  (2.2,  2.9,  and  3.5  pm)  sensors/OS- 
capture-cell  assemblies.  A  63  x  92  pm  projectile  impacting  at  12.7  km/s  in  shot  52  fragmented  after  passing  through 
the  first  sensor  film  into  one  large  (30  x  7 1  pm)  and  several  smaller  fragments  which  then  struck  the  second  sensor  at 
12.1  km/s.  A  spray  of  very  fine  fragments  exited  the  second  film  and  struck  the  third  sensor  film  with  an  onset 
velocity  of  34  kiWs.  This  was  the  greatest  velocity  enhancement  noted  during  the  study  and  was  verified  by  post-test 
analysis  of  the  detector  signal  trace.  An  -10  pm  projectile  impacting  at  13.1  km/s  in  shot  54  only  penetrated  one 
sensor  film.  This  result  indicated  that  small,  high  speed  projectiles  may  not  be  effectively  recovered  using  the 
baseline  2-film  sensor  with  any  capture  cell.  An  pm  projectile  impacting  the  first  sensor  film  at  14. 1  km/s  in  shot 
53  lost  -90%  of  its  mass  before  striking  the  second  sensor  film  at  9.4  km/s.  No  signal  was  detected  on  the  third 
sensor  film.  An  -175  pm  projectile  (estimated  from  sensor  response)  in  shot  56  impacted  the  first  PVDF  sensor  at 
14.4  km/s.  A  small  (-25  pm)  fragment  emerged  and  struck  the  second  sensor  at  1 1.0  km/s,  and  a  very  small 
fragment  (-  14  pm,  or  -0.,<5%  of  the  original  impactor  mass)  struck  the  third  sensor  film  at  1.8  km/s  and  then 
penetrated  the  first  capture  cell  foil.  This  event  showed  the  velocity  and  mass  loss  that  could  be  expected  when  a 
large,  fast  impactor  penetrates  the  multi-film  sensor.  It  also  showed  that  impactor  fragments  from  this  event  would 
have  penetrated  several  capture  cell  foils  behind  a  2-film  sensor. 

Another  notable  observation  was  the  presence  of  impactor/target  debris  on  the  backsides  of  the  foils  in  CS-1  and  CS-2 
capture  cells,  and  the  lack  of  debris  on  the  backsides  of  foils  in  OS  capture  cells.  This  indicates  an  important 
advantage  of  the  CS-2  cells,  which  have  similar  penetration  performance  as  the  OS  cells,  but  are  much  more  compact, 
occupying  <1  mm  in  depth  compared  to  -1  cm  for  the  OS  cells. 


Multi-Foil  Capture  Cell  Impactor  Debris  Analysis 

Experimental  conditions  for  the  four  impact  events  discussed  below  are  marked  with  an  asterisk  in  Table  2.  The 
events  are  discussed  in  order  of  increasing  velocity. 

Shot  17.  2.7  km/s.  two  6  pm  thick  x.v  position  sensing  PVDF  detector  films.  OS  capture  cell  (1.8  mm  foil  spacing). 
A  96  pm  diameter  ( 1 .2  pg,  estimated  from  detector  signal)  glass  projectile  impacted  the  first  PVDF  film  at  2.7  km/s 
and  penetrated  with  no  apparent  fragmentation.  The  particle  struck  the  second  PVDF  film  at  2.4  km/s  and  broke  into 
two  major  fragments.  Impactor  fragments  then  penetrated  a  0. 1 ,  a  1.0  and  two  8  pm  thick  A1  foils  (Figs.  4a-d).  The 
foils  were  littered  with  1-10  pm  size  impactor  fragments.  X-ray  maps  of  the  largest  hole  in  the  first  8  pm  foil  and 
surrounding  area  (Figs.  4e  and  40  .show  a  thick  glass  liner  covering  -1/3  of  the  rim,  two  15  pm  droplets  of  glass 
extending  in  a  ray  from  the  rim,  and  two  smaller  rays  of  glass  -2  pm  wide  and  -30  pm  long  also  extending  from  the 
rim.  Impactor  melt  liners  were  also  found  on  penetration  hole  exit  side  rims.  These  images  also  demonstrate  the 
difficulty  in  identifying  impactor  debris  from  morphology  by  showing  that  only  a  small  fraction  of  the  debris  particles 
visible  in  Fig.  4e  are  identified  as  impactor  material  in  the  x-ray  image  (Fig.  4f)  despite  their  similar  appearance. 
Figure  5a  shows  a  15  pm  diameter  impactor  fragment  imbedded  in  the  third  Al  foil,  and  Fig.  5b  shows  a  70  pm  long 
fragment  of  the  glass  impactor  resting  on  top  of  the  fourth  foil.  A  semi-quantitative  x-ray  analysis  of  the  15  pm 
impactor  fragment  indicated  a  depletion  of  the  volatile  Na20  constituent  of  the  glass  matrix  and  was  representative  of 
the  degree  of  chemical  fractionation  observed  in  these  events.  The  Na20  concentration  of  2.9%  measured  in  this 
impactor  fragment  was  -1/3  of  the  8.2  ±  0.5%  average  concentration  found  in  unlaunched  projectiles. 
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Fig.  2.  (above)  Plot  of  impactor 

debris  dispersion  angle,  il, 
versus  velocity. 

Fig.  3.  (right)  Plot  of  cumulative 
foil  penetration,  F(,  versus 
velocity.  Impactors  ranged 
in  size  from  10-200  pm. 
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The  fifth  A1  foil  in  the  capture  cell,  25  pm  thick,  had  a  large  blob  of  glass.  1 10  pm  long  and  -30  pm  in  diameter, 
partially  embedded  in  the  foil  (Fig.  5c)  and  one  other  area  with  significant  impactor  debris  (Fig.  5d).  These  two 
images  are  another  example  of  the  difficulty  in  using  morphology  to  distinguish  impactor  debris.  In  Fig.  5d  a  spatter 
of  A1  is  resting  on  top  of  a  large  (70  x  150  pm  by  -5  pm  thick)  spatter  of  glass  that  has  apparently  fractured  on 
cooling.  Thus,  the  glass  has  a  more  "metallic"  appearance  than  the  A1  and  both  materials  charge  under  high  beam 
currents  since  the  A1  spatter  is  insulated  from  the  grounded  substrate  by  the  glass  spatter.  The  dozen  smaller  spatters 
(10-40  pm)  and  numerous  small  bits  and  filaments  of  debris  are  all  glass.  The  "debris"  pictured  in  Fig.  5e  is  actually 
an  embedded  silicaceous  contaminate,  probably  pressed  into  the  film  during  the  rolling  process.  The  presence  of  Fe 
and  the  morphology  of  the  feature  showed  that  it  was  not  an  impactor  fragment. 


A  65  X  96  pm  glass  particle  (determined  from  VYNS  film  penetration  hole)  impacted  a  2-film-sensor/OS-capture-cell 
assembly  at  4.8  km/s.  The  particle  suffered  severe  fragmentation  on  penetrating  the  first  PVDF  film.  Fragments 
struck  the  second  PVDF  film  at  4.5  km/s.  Fragments  then  penetrated  a  0.1 ,  a  3.0,  and  an  8  pm  thick  A1  foil.  Figures 
6a-f  show  SEM  micrographs  and  associated  x-ray  maps  of  selected  glass  fragment  and  filament  impacts  on  the  second 
and  third  capture  cell  foils.  Impactor  residue  is  present  in  portions  of  ^e  trough-like  craters  formed  by  filaments,  and 
partially  around  the  rims  of  some  holes.  Some  individual  2  pm  size  bits  of  impactor  debris  are  also  identified. 


capture  cell  (100  um  foil  snacinel.  Four  105-125  pm  size  olivine  crystals  penetrated  the  Mylar  films  and  struck  the 
capture  cell,  penetrating  a  2.5  and  either  two  or  three  4.0  pm  thick  A1  foils.  Figure  7a-g  show  selected  areas  of 
impact  damage  on  the  second  and  third  capture  cell  foils  and  associated  impactor  debris  with  EDS  spectra.  Impactor 
debris  was  found  on  both  the  front  and  back  sides  of  the  foils.  While  some  olivine  fragments  had  obviously 
undergone  melting,  other  fragments  retained  some  crystalline  structure.  In  general,  more  particulate  debris  was 
aoiOciated  with  tliese  olivine  impacts  than  with  the  glass  impactors  at  the  same  velocity,  as  would  be  expected  from 
the  higher  melting  point  of  olivine  compared  to  soda-lime  glass.  No  impactor  material  was  found  in  the  pile  of  A1  foil 
debris  found  on  top  of  the  fourth  foil  (Fig.  7h). 


X  90  pm  (0.79  pg,  determined  from  VYNS  film  penetration  hole)  glass  particle  accompanied  by  -50  very  small 
particles  («10  pm  dia.)  impacted  the  first  PVDF  film  at  6.4  km/s.  The  large  panicle  fragmented  significantly  on 
penetrating  the  first  film  and  a  shower  of  fragments  struck  the  second  PVDF  film  with  an  onset  velocity  of  6.4  km/s. 
Fragments  that  penetrated  the  second  sensor  film  struck  the  third  PVDF  film  with  an  onset  velocity  of  5.9  km/s. 
Figures  8a-d  show  selected  views  of  the  subsequent  penetrations  in  a  0.3,  two  3.0  and  one  8  pm  thick  A1  capture  cell 
foils.  The  high  degree  of  impactor/target  material  intermixing  is  evident  from  these  micrographs.  Fig^s  8e-i  show 
two  details  of  the  impact  area  on  the  second  foil  and  corresponding  Si  x-ray  maps.  Impactor  debris  is  present  in  the 
form  of  small  particles  (2-4  pm)  around  the  large  penetration  hole  shown  in  Fig.  8a. 
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Fig.  5.  (Shot  17,  same  impact  as  in 
Fig.  41  SE  images  of  impactor 
debris  on  the  (a)  3rd  and  (b)  4th  A1 
foils  [8  pm  thick],  and  (c)  the  5th 
foil  [25  pm  thick]  in  the  OS  capture 
cell,  (d)  Glass  impactor  debris  on 
the  5th  foil  with  a  spatter  of  A1  on 
top.  (e)  An  embedd^  silicaceous 
contaminant  in  the  5th  foil. 
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Fig.  6.  [Shot  23,  65  x  96  pm  glass  projectile,  4.8  km/s,  2-rilm  PVDF  sensor,  OS  capture 
cell]  SE  images  of  (a)  impact  area  on  the  2nd  foil,  (b)  a  glass  filament  impact  on 
the  2nd  foil,  (c)  Si  x-ray  map  of  (b).  (d)  Impact  area  on  the  3rd  foil,  (e) 
Closeup  of  a  filament  impact  on  the  3nl  foil.  (0  Si  x-ray  map  of  (c). 
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Fig.  7.  [Shot  454,  -115  jim  olivine  crystal 
projectile,  6.2  km/s,  simulated  2-film  PVDF 
detector  {1.5  pm  thick  Mylar  foils],  CS-2 
capture  cell  at  45%  SE  images  of  (a)  front 
side  of  the  3rd,  and  final,  A1  foil  penetrated, 
and  (b)  a  particle  found  in  (a)  and  its  (c)  EDS 
spectrum,  (d)  Back  side  of  2nd  foil  directly 
above  (a)  showing  4  particles  of  olivine  that 
had  undergone  melting,  (e)  EDS  spwtrum  of 
j  particle  4  shown  in  (d).  (0  Large  impactor 
I  fragment  found  on  the  front  side  of  the  3rd 
foU  and  (g)  its  EDS  spectrum,  (h)  Debris  pile 
4th  foil  was  nearly  all  Al. 
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[Shot  55, 77  X  90  pm  glass  projectile,  6.4  knvs,  3-film  PVDF  sensor,  OS  capture 
cell]  SE  images,  (a)  Impact  area  on  the  1st  capture  cell  foil,  (b)  Detail  from  (a), 
(c)  Impact  area  on  ^e  2nd  foil,  (d)  Detail  firom  (c)  showing  penetration  of  a  50 
pm  thick  Ni  grid  wire,  (e)  Intermixed  impactor  and  target  debris.  (0  broken 
grid  wire  on  die  2nd  foil  and  surrounding  impactor  debris,  (g)  Si  x-ray  map  of 
(f).  (h  and  i)  Digitized  SE  image  and  corresponding  Si  x-ray  map  of  the  grid 
wire  penetration  shown  in  (c)  and  surrounding  area. 
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A  substantial  glass  liner  is  present  on  the  Ni  grid  wire  crater  rim  shown  in  Fig.  8h,  but  very  little  impactor  debris  is 
associated  with  the  small  penetration  holes  adjacent  to  the  grid  wire.  This  is  another  example  of  the  difficulty  in 
identifying  impactor  debris  solely  from  morphology.  Impactor  debris  was  only  found  on  the  front  sides  of  foils  in 
this  capture  cell. 


Germanium  Crystal  Wafer  (Gel  Capture  Cell  Impact  Results 

Three  correlated  impact  events  (2.7-5.5  km/s)  in  2-film  PVDF-(2.2  -h  2.9  jim  )-sensor/Ge-capture-cell  assemblies 
produced  craters  in  Ge  crystals.  Two  other  impacts  of  -70  pm  particles  at  10.2  and  13.8  km/s  did  not  penetrate  the 
cover  foil  in  the  capture  cell,  pointing  to  the  limitation  of  the  widely  spaced,  two- film  PVDF  sensor. 

Impact  sites  were  examined  optically  and  showed  the  same  general  morphology  as  seen  in  earlier  tests  of  the  capture 
cells  without  the  PVDF  detectors,  which  included  detailed  chemical  and  isotopic  analyses  of  impactor  residues 
Jessberger  et  al.,  (1985)  Fechtig  et  al.,  (1987),  identified  impactor  debris  imbedded  in  craters  in  the  Ge  and  deposited 
on  the  back  side  of  the  cover  foils  in  the  earlier  studies.  One  problem  identified  with  the  Ge  capture  cell  in  the  current 
study  was  cover  foil  blow  out  from  impact  rebound.  The  0.1  pm  thick  Al  cover  foil  used  in  the  first  Ge  capture  cell 
tests  was  replaced  with  a  1.0  pm  foil  and  no  further  massive  disruption  from  rebound  was  observed. 


Aerogel  (A-120  and  A-SO)  Capture  Cell  Impact  Results 

Results  for  the  shots  into  Aerogel  targets  are  listed  in  Table  2.  Two  impacts  into  A-120  targets  behind  a  2-film  PVDF 
sensor  were  recorded  (Table  2).  In  shot  63  a  large  panicle  (>100  pm)  impacted  the  sensor  at  8.4  km/s,  and  in  shot  64 
a  small  projectile  (<30  pm)  impacted  the  sensor  at  12.0  knt/s.  In  both  cases  the  projectiles  fragmented  severely  and 
some  fragments  penetrated  both  sensor  films  and  a  0.1  pm  Al  cover  foil  over  the  Aerogel  target.  No  tracks  were 
found  in  the  Aerogel  target  under  optical  microscopic  examination.  However,  it  was  impossible  to  identify  small  bits 
of  the  glass  impactor  debris  that  were  located  near  the  top  of  the  Aerogel  slab.  The  use  of  colored  glass  or  metallic 
projectiles  would  mitigate  this  problem  in  future  experiments.  These  results  were  inconclusive,  but  they  serve  to 
illustrate  the  high  degree  of  difficulty  in  locating  small  pieces  of  debris  in  the  3-dimensional  Aerogel  matrix. 

The  plasma  velocity  detector  used  in  these  experiments  did  not  interact  with  the  projectiles  before  they  struck  the 
capture  cells.  Therefore,  these  impact  results  represent  a  best  case  scenario  for  Aerogel  capture  cell  performance. 
Impact  tracks  are  described  in  Table  2  in  terms  of  their  entrance  hole  diameter,  their  maximum  length  and  width,  the 
fracture  zone  width,  and  the  diameter  of  the  apparent  debris  particle  at  the  end  of  the  track.  In  general,  track  length 
was  not  a  good  indicator  of  velocity.  In  two  cases  (shot  J,  4.3  and  7.1  km/s)  projectiles  hit  grid  wires  in  the  Al  cover 
foil  and  fragmented  severely,  spraying  debris  over  ~3  mm  wide  areas.  Small  fragments  could  be  seen  at  the  ends  of 
most  of  the  multiple  small  tracks.  The  presence  of  particles  at  the  ends  of  impact  tracks  in  A- 1 20  targets  for  velocities 
up  to  12.7  km/s  illustrates  the  apparent  effectiveness  of  the  media  for  debris  containment.  Other  investigators  (cited 
above)  have  reported  that  for  velocities  >~6  km/s,  these  residue  particles  are  composed  of  brecciated 
projectile/Aerogel  conglomerates  with  compressed  Aerogel  rims. 

Examples  of  impact  events  recorded  in  Aerogels  in  the  present  study  are  presented  in  Figs.  9a-e.  The  photographs  are 
back  lighted  images  taken  through  several  cm  of  the  Aerogel  matrix  and  emphasize  the  optical  clarity  of  the  material. 
Figure  9a  shows  an  impact  track  from  a  low  velocity  impact,  <1.9  km/s  (shot  G),  into  an  A- 120  capture  cell  with  the 
intact,  unaltered  61  x  76  p.m  glass  projectile  at  the  end.  An  intact  impactor  consisting  of  two  nomind  100  pm  glass 
spheres  fused  into  a  dumbbell  shape  was  recovered  from  a  2. 1  km/s  impact  into  an  A- 1 20  capture  cell  (shot  S)  and  is 
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Fig.  9.  Optical  micrographs  of  glass  pro¬ 
jectile  impacts  in  Aerogel  targets  with  a 
plasma  detector,  (a)  Shot  G,  61  x  76  pm 
particle  at  <1.9  km/s,  A-120  target,  (b) 
Shot  S,  an  intact,  fused  pair  of  -100  pm 
particles  removed  from  an  A-120  target 
after  a  2.1  km/s  impact,  (c)  Shot  G,  91  x 
129  pm  particle,  3.1  km/s,  A-120  target, 
(d)  Shot  J,  fragments  from  a  -70-100  pm 
particle  that  impacted  a  cover  foil  grid 
wire  at  7.1  km/s  and  embedded  in  an  A- 
120  target,  (e)  Shot  H,  -80  pm  particle, 
6.9  km/s,  A-50  target. 
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shown  in  Fig.  9b.  A  3.1  km/s  impact  event  in  another  A'120  capture  cell  (shot  G)  is  shown  in  Fig.  9c.  Again,  an 
apparently  intact  1 10  p.m  glass  projectile  is  seen  at  the  end  of  the  track.  These  events  illustrate  the  ability  of  the 
Aerogel  to  capture  nomin^  100  pm  glass  particles  at  low  velocities  (<~3  km/s)  with  little  or  no  alteration.  These 
results  differ  significantly  from  impact  results  in  the  multi-foil  capture  cells  at  the  same  velocities  in  that  the  projectiles 
did  not  melt  or  fragment  in  the  Aerogel  capture  cells.  The  impactors'  relatively  large  sizes  made  recovery  a  simple 
matter  of  physically  breaking  down  the  surrounding  matrix  and  picking  the  particles  out. 

The  severe  fragmentation  experienced  by  a  70-100  pm  projectile  that  stmck  an  A1  foil  grid  wire  in  an  A- 120  cell  at  7. 1 
km/s  (shot  J)  is  shown  in  Fig.  9d.  Small  fragment  particles  can  be  seen  at  the  ends  of  many  of  the  secondary  tracks 
in  this  overhead  view.  The  fragments  may  be  brecciated  conglomerates  of  target/impactor  material  and  are  probably 
rimmed  with  melted  Aerogel.  Figure  9e  shows  an  example  of  impactor  fragmentation  within  the  Aerogel  matrix  in  a 
6.9  km/s  impact  of  an  ~80  pm  glass  projectile  into  an  A-50  capture  cell  (shot  H).  These  two  examples  illustrate  the 
degree  of  difficulty  of  recovering  sm^  projectile  fragments  from  the  Aerogel  matrix.  The  current  method  (Zolenski  et 
a].,  1990)  is  to  saturate  the  matrix  with  an  organic  epoxy  and  thin  section  the  impact  area  using  ultramicrotomy. 

The  overall  results  of  this  series  of  hypervelocity  impacts  into  Aerogel  targets  are  consistent  with  the  experiences  of 
other  investigators  and  illustrate  the  effectiveness  of  the  media  in  preserving  impactor  material.  They  also  illustrate  the 
complexity  of  microimpactor  sample  recovery  from  the  matrix  and  the  need  for  better  handling  and  sample  location 
techniques  for  the  Aerogel  materials. 


SUMMARY 

The  2-film  PVDF  velocity/trajectory  sensors  caused  increasing  fragmentation  of  particles  at  increasing  velocities,  but 
only  dispersed  the  major  fragments  a  maximum  of  -5°  between  the  initial  point  of  impact  on  the  first  sensor  film  and 
the  pxrints  of  impact  on  the  first  capture  cell  foil.  The  thinnest  sensor  films  (~  2  pm)  caused  somewhat  less  disruption 
and  spread  of  impactor  material  than  the  two  thicker  types  of  sensor  films  (4.5  and  6  pm).  For  glass  particles  <100 
pm  in  diameter  impacting  at  velocities  >8  km/s  severe  fragmentation  occurred  and  little  or  no  impactor  debris  was 
found  in  the  capture  cells. 

Sufficient  impactor  debris  for  chemical  and  isotopic  analyses  was  found  in  all  multi-foil  cells  positioned  behind  multi¬ 
film  PVDF  sensors  for  nominal  100  pm  diameter  glass  projectiles  and  olivine  crystals  impacting  at  velocities  up  to  6.4 
km/s.  The  maximum  cumulative  foil  penetration  was  not  significantly  different  for  foils  spaced  1800  or  100  pm 
apart,  but  was  approximately  twice  as  great  for  foils  spaced  10-20  pm  apart.  Of  the  five  capture  cell  designs  tested  in 
conjunction  with  2-film  PVDF  velocity/trajectory  sensors,  the  multi-foil  cell  with  100  pm  dacron  net  spacers  appears 
to  be  the  best.  The  dacron  net  spacers  confined  the  spread  of  the  impactor  debris  cloud  without  increasing  total  foil 
penetration  and  resulted  in  both  front  and  back  side  deposition  of  debris.  Analysis  of  samples  was  straight  forward 
since  impact  features  on  capture  cell  foils  could  be  easily  mounted  in  metal  rings  for  instrumental  analyses  of  both 
surfaces.  The  use  of  A1  foils  and  dacron  nets  in  a  flight  instrument  would  limit  the  ability  to  detect  A1  and  C  in 
manmade  debris  particles  and  in  natural  particles,  and  would  likely  be  replaced  by  a  rare  metal  such  as  Au. 

Foil  covered  Gc  wafer  targets  behind  PVDF  sensors  also  retained  significant  impactor  debris  at  tested  velocities  up  to 
5.5  km/s,  but  offered  no  advantages  over  multi-foil  cells  and  are  appreciably  more  expensive  to  produce  and 
somewhat  more  difficult  to  package.  Also,  the  advantage  of  having  a  pure  Ge  mauix  for  debris  analysis  is  countered 
to  some  extent  in  this  design  by  the  presence  of  the  sensor  films  and  A1  registration  film  ahead  of  the  Ge  surface. 

Evaluation  of  50  and  120  mg/cm^  Aerogel  targets  behind  PVDF  sensors  was  inconclusive  due  to  the  limited  number 
of  tests,  but  initial  results  indicated  that  small  impactor  fragments  would  be  difficult  to  locate  and  recover.  Packaging 
of  the  friable  material  also  needs  further  development.  The  Aerogels  performed  well  behind  a  simple  plasma  detector, 
and  intact  nominal  100  pm  glass  projectiles  were  recovered  from  low  velocity  impacts  (<3  km/s).  There  were  visual 
indications  that  significant  impactor  debris  may  have  survived  impacts  into  Aerogels  at  velocities  up  to  12.7  km/s,  but 
these  tentative  results  were  not  verified.  The  superior  capture  characteristics  of  the  Aerogels  justifies  further  testing  of 
these  capture  cell  candidates  in  conjunction  with  the  PVDF  sensors.  A  standard  method  of  containment  and 
mounting,  and  better  microparticle  location  techniques,  need  to  be  developed  for  the  friable  Aerogel  materials. 


ACKNOWLEDGEMENTS 

The  author  would  like  to  thank  the  many  collaborators  involved  in  this  study:  A.  Tuzzolino,  E.  LaRue  and  G.  Drag 
from  the  Laboratory  for  Astrophysics  and  Space  Research  at  the  Enrico  Fermi  Institute,  University  of  Chicago  for 
making  this  combined  dust  calibration  series  possible,  and  for  their  efforts  in  correlating  impact  events;  J.  Williams 
and  R.  Cordi  at  the  Los  Alamos  National  Laboratories  for  the  production  of  the  custom  series  of  frame  mounted  high- 
purity  A1  foils;  M.  Zolensky  of  the  Johnson  Space  Center  and  P.  Tsou  of  the  Jet  Proplsion  Laboratory  for  supplying 
Aerogel  targets;  E.  Igenbergs  and  his  staff  of  plasma  gun  operators,  M.  Rott,  W.  Reschauer,  W.  Frisch,  A.  Jean- 
Jacques  and  K.  Graf  at  the  Technical  University  of  Munich  for  the  many  successful  hypervelocity  shots  and  their 
technical  assistance  in  providing  and  operating  the  plasma  detector  system;  F.  Horz  and  his  light  gas  gun  staff,  F. 
Cardenas,  W.  Davidson  and  G.  Haynes  at  the  Johnson  Space  Center,  also  for  many  successful  hypervelocity  shots 
and  velocity  detector  operation;  Z.  Wang  and  W.  Cantrell  at  the  McDonnell  Center  for  the  Space  Sciences, 
Washington  University,  for  SEM/EDS  analyses  and  for  assistance  with  the  preparation  of  this  manuscript, 
respectively;  and  to  R.  M.  Walker  for  the  original  concept  of  combining  the  PVDF  detectors  and  meteoroid  capture 
cells  and  for  his  valued  assistance  in  experimental  design,  execution  and  interpretation  of  data.  Funding  for  this  study 
was  provided  under  NASA  grant  NAGW-1603. 


644 


C.  Ci.  Simon 


REFERENCES 

Amari,  S.,  J.  Foote,  E.  K.  Jessberger,  C.  G.  Simon,  F.  J.  Stadermann,  P.  Swan,  R.  Walker  and  E.  Zinner  (1991). 
SIMS  analysis  of  extended  impact  features  on  LDEF  experiment  A0187-2.  NASA  CP-3134,  503-516. 

Barrett,  R.  A.,  and  M.  E.  Zolensld  (1991).  Analytical  studies  of  impact  experiments  simulating  capture  of  cosmic 
dust  in  silica  Aerogel.  22nd  Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  53-54. 

Bradley,  J.,  W.  Carey  and  R.  M.  Walker  (1986).  Solar  Max  impact  particles:  perturbation  of  captured  material.  1 7th 
Lunar  and  Planet.  Sci.  Conf.  (Abstracts)  ,80-81. 

Bunch,  T.  E.,  P.  Schultz,  D.  Brownlee,  M.  Podolak,  R.  Reynolds,  P.  Cassen  and  S.  Chang  (1990).  Hypervelocity 
impact  penetration  experiments  -  A  guide  to  the  origin  of  rims  on  chondrules.  21st  Lunar  and  Planet.  Sci.  Corf. 
(Abstracts),  143-144. 

Carey,  W.  C.,  J.  A.  M.  McDonnell  and  D.  G.  Dixon  (1987).  An  empirical  penetration  equation  for  thin  metallic  films 
us^  in  capture  cell  techniques,  in  Properties  and  Interaction  of  Interplanetary  Dust  (edited  by  R.H.  Giese  and  P. 
Lamy)  131-136,  D.  Reidel  Publishing  Co.,  Boston. 

Fechtig,  H.,  F.  Horz,  E.  Igenbergs,  E.  Jessberger,  H.  Kuczera,  G.  Lange,  N.  Pailer,  S.  Sutton,  P.  Swan,  R.  Walker 
and  E.  Zinner  (1987).  Measurement  of  the  elemental  and  istMopic  composition  of  interplanetary  dust  collected  on 
LDEF,  in  Properties  and  Interaction  of  Interplanetary  Dust  (R.  Giese  and  P.  Lamy,  eds.)  121-126,  D.  Reidel 
Publishing  Co.,  Boston. 

Gafney,  E.  S.,  D.  A.  Hyndman  and  C.  M.  Breen  (1989).  Numerical  simulation  of  hypervelocity  impact  by 
micromeieorites  on  thin  films.  Annual  Report,  Job  No.  147,  Ktech  Corp.,  Albuquerque,  New  Mexico. 

Horz  ,  F.  (1989).  A  small  caliber  light  gas  gun  for  the  simulation  of  cosmic  dust  impacts.  ARA  Report ,  26  pp 
available  from  author.  Solar  System  Exploration  Division,  JSC,  Houston  TO  77058. 

Horz  ,  F.,  S.  Messenger  ,  R.  Bernhard,  T.  H.  See  and  G.  Haynes  (1991).  Penetration  phenomena  in  teflon  and 
aluminum  films  using  50-3200  ^m  glass  projectiles.  22nd Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  591-592. 

Hudelpohl,  A.,  M.  Rott  and  E.  Igenbergs  (1989).  Coaxial  plasma  accelerator  with  compressor  coil  and  radial  gas 
injection.  IEEE  Transactions  on  Magnetics  25, 232-237. 

Igenbergs,  E„  S.  Aigner,  A.  Hudelpohl,  H.  Iglseder,  H.  Kuczera,  M.  Rott  and  U.  Weishaupt  (1987).  Launcher 
technology,  in-flight  velocity  measurement  and  impact  diagnostics  at  the  TUM/LRT.  Int.  J.  Impact  Engng  5, 371- 
380. 

Iglseder,  H.,  and  E.  Igenbergs  (1987).  Measured  charge  generation  by  small  mass  impact  at  velocities  between  1  and 
45  km/s.  Int.  J.  Impact  Engng  5,381-388. 

Jessberger,  E.,  H.  Kuczera,  G.  Lange,  S.  Sutton  and  E.  Zinner  (1985).  Ion  microprobe  analyses  of  simulated  LDEF 
impact  residues.  1 6th  Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  400-401. 

Laurance,  M.  R.,  and  D.  E.  Brownlee  (1986).  The  flux  of  meteoroids  and  orbital  space  debris  striking  satellites  in 
low  Earth  orbit.  Nature  323,136-138. 

McDonnell,  J.  A.  M.,  W.  C.  Carey  and  D.  G.  Dixon  (1984).  Cosmic  dust  collection  by  the  capture  cell  technique  on 
the  Space  Shuttle.  Nature  309, 237-240. 

McDonnell,  J.  A.  M.,  S.  P.  Deshpande,  S.  F.  Green,  P.  J.  Newman,  M.  T.  Paley,  P.  R.  Ratcliff,  T.  J.  Stevenson 
and  K.  Sullivan  (19%).  First  results  of  particulate  impacts  and  foil  perforations  on  LDEF.  Presented  at  the  28th 
COSPAR  meeting.  The  Hague. 

Perkins,  M.  A.,  J.  A.  Simpson  and  A.  J.  Tuzzolino  (1985).  A  cometary  and  interplanetary  dust  experiment  on  the 
Vega  spacecraft  missions  to  Halley's  comet.  Nucl.  Instr.  and  Meth.  A239,  310-323. 

Schramm,  L.  S.,  R.  A.  Barrett,  M.  L.  Lieurance,  D.  S.  McKay  and  S.  J.  Wentworth  (1986).  Particles  associated 
with  impact  features  in  the  main  electronics  box  (MEB)  thermal  blanket  from  the  Solar  M^  satellite.  17th  Lunar 
and  Planet.  Sci.  Conf.  (Abstracts),  769-770. 

Simpson,  J.  A.,  D.  Rabinowitz,  A.  J.  Tuzzolino,  L.  V.  Ksanfomality  and  R.  Z.  Sagdeev  (1987a).  Dust  coma  of 
comet  Halley:  measurements  on  the  Vega-1  and  Vega-2  spacecraft.  Astron.  and  Astrophys.  187, 742-752. 

Simpson,  J.  A.,  D.  Rabinowitz,  A.  J.  Tuzzolino,  L.  V.  Ksanfomality  and  R.  Z.  Sagdeev  (1987b).  The  origin  of  low 
mass  particles  within  and  beyond  the  dust  coma  envelopes  of  comet  Halley.  ESA  SP-278,  Symp.  on  the 
Diversity  and  Similarity  of  Comets,  391-397. 

Simpson,  J.  A.,  D.  Rabinowitz  and  A.  J.  Tuzzolino  (1989a).  Cosmic  dust  investigations  1.  PVDF  detector  signal 
dependence  on  mass  and  velocity  for  penetrating  particles.  Nucl.  Instr.  and  Meth.  A279,  611-624. 

Simpson,  J.  A.,  D.  Rabinowitz,  A.  J.  Tuzzolino,  L.  V.  Ksanfomality,  R.  Z.  Sagdeev  and  O.  L.  Vaisberg  (1989b). 
Confirmation  of  dust  clusters  in  the  coma  of  Comet  Halley.  Advances  in  Space  Research  9,  359-362. 

Tsou,  P.,  D.  E.  Brownlee,  M.  R.  Laurance,  L,  Hrubesh  and  A.  L.  Albee  (1988).  Intact  capture  of  hypervelocity 
micrometeoroid  analogs.  19th  Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  1205-1206. 

Tsou,  P.,  J.  Aubert,  D.  Brownlee,  L.  Hrubesh,  J.  Williams  and  A.  Albee  (1989).  Effectiveness  of  intact  capture 
media.  20th  Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  1 132- 1 133. 

Tsou,  P.,  J.  Bradley,  D.  E.  Brownlee,  H.  Fechtig,  L.  W.  Hrubesh,  P.  W.  Keaton,  M.  R.  Laurance,  C.  G.  Simon, 

G.  L.  Stradling,  A.  Teetsov  and  A,  L.  Albee  (1990).  Intact  capture  of  cosmic  dust  analogs  in  Aerogel.  21st  Lunar 
and  Planet.  Sci.  Conf.  (Abstracts),  1264-1265. 

Tuzzolino,  A.  J.  (1991).  Two-dimensional  position-sensing  PVDF  dust  detectors  for  measurement  of  dust  particle 
trajectory  velocity,  and  mass.  Nucl.  Instr.  and  Meth.  A301,  558-567. 

Tuzzolino,  A.  J.  (1%2).  PVDF  copolymer  dust  detectors:  particle  response  and  penetration  characteristics  Nucl. 
Instr.  and  Meth.  A3 16,  223-237. 

Warren,  J.  L.,  H.  A.  Zook,  J.  H.  Alton,  U.  S.  Clanton,  C.  B.  Dardano,  J.  A.  Holder,  R.  R.  Marlow,  R.  A.  Schultz, 
L.  A.  Watts  and  S.  J.  Wentworth  (1989).  The  detection  and  observation  of  meteoroid  and  space  debris  impact 
features  on  the  Solar  Maximum  satellite.  Proc.  of  the  19th  Lunar  and  Planet.  Sci.  Conf.,  641  -657. 

Zoknski,  M.  E.,  R.  A  Barrett,  F.  Horz,  F.  Cardenas,  W.  Davidson,  G.  Haynes,  W.  Carswell  and  S.  L.  Koontz 
(1989).  The  utility  of  silica  Aerogel  as  a  cosmic  dust  capture  medium  on  the  Space  Station.  20th  Lunar  and  Planet. 
Sci.  Conf  (Abstracts),  1251-1252. 

Zolenski,  M.  E.,  R.  A.  Barrett,  L.  Hrubesh,  F.  Horz  and  D.  Lindstrom  (1990).  Cosmic  dust  capture  simulation 
experiments  using  silica  Aerogels.  2  l.st  Lunar  and  Planet.  Sci.  Conf.  (Abstracts),  1381-1382. 


Ini.  J.  hnpact  En^n^  Vol.l4.  pp.695-706.  1993 
Primed  in  Great  Britain 


0734-743X/93  $6.00  +  0.00 
'  1993  Pergamon  Press  Ltd 


DEVELOPMENT  OF  A  SCRAMACCELERATOR  BASED 
HYPERVELOCITY  LAUNCHER 


Tlionias  H.  Sobota,  Pli.D. 

Advanced  Projects  Research  Incorporated 
147  Ward  Street,  Rightstown.  NJ  08.520 

Susan  M.  Babcock.  Ph.D. 

TITAN/CRT  Impact  Research  Laboratory 
520b  Wheeler  Ave.,  SE.  AlbiKpierque.  N.M  87102 

.Joseph  W.  Humphrey,  Ph.D. 

Advanced  Projects  Research  Incorporated 
5401  N.  Commerce  Ave,  Ste  A,  .Moorpark.  CA  9.4021 


ABSTRACT 

The  Scramaccelorator,  a  novel  type  of  supersonic-combustion,  tube-based  launcher  has  been  de¬ 
veloped  that  can  accelerate  projectiles  to  velocities  of  4  to  over  7  km/sec,  E.xtremely  flexible  in 
application,  the  Scramaccelerator  could  launch  impitet  spt'cimens,  wind  tunnel  specimens,  projec¬ 
tiles,  satellites,  or  spacecraft.  This  paper  describes  the  technology  demonstration  of  the  concept 
by  firing  120  gram  projectiles  into  a  48  mm  barrel  at  2.8  to  4.2  km/sec  at  the  Titan/CRT  Impact 
Research  Laboratory  in  Albuquerque.  This  technology  promises  an  upward  scalability  beyond 
that  of  any  conventional  ballistic  guns  and  elect rom.agnetic  launchers  for  high  mass  hyperveloc- 
ity  applications.  It  is  the  objective  of  this  program  to  demonstrate  the  practical  application  of 
detonation  irhysics  to  hypervelocity  launchers.  Critical  test  issues  discussed  include  sabot  sep¬ 
aration,  venting  requirements,  Scramaccelerator  tube  requirements,  and  test  performance.  The 
current  data  indicate  projectile  accelerations  were  a<  iiiev<'d  in  excess  of  5,000  g's.  Hence,  these 
tests  finally  demonstrate  that  oblique  detonati<)n/>npi'r>.onic  combustion  can  be  harnessed  as  a 
useful  mechanism  for  hypervelocity  propulsion.  In  addition,  these  tests  demonstrate  hypersonic 
propulsion  at  .Mach  numbers  above  9,  acceleration  at  great<'r  than  3  kilometers  per  second,  and 
.system  integration  technology  sufficient  to  accomjili.-'h  this  success.  Scalability  of  the  device  allows 
for  the  hypervelocity  launch  of  large  masses. 


INTRODUCTION 

The  demonstration  Scramaccelerator  system  consists  of  a  two  stage  light  gas  gun  which  fires  the 
projectile  at  velocities  above  2..”?  km/sec  into  a  tube  fillei,!  with  a  mixture  of  fuel  and  oxidizer, 
hydrogen  and  air  in  these  tests.  After  the  initial  launch  to  reach  the  insertion  velocity  required 
by  the  Scramaccelerator  mode,  the  projectile  sabot  launch  package  then  enters  a  sabot  separator 
assembly  which  vents  th«'  base  pressure  on  the  sabot,  strips  the  sabot  from  the  projectile,  and  vents 
the  precursor  gas  whicli  is  in  front  of  the  proj*'ctile  prior  to  .Scramaccelerator  tube  insertion.  The 
Scramaccelerator  tul)es  are  the  barrel  sections  where  tin'  .Scramaccelerator  mode  of  acceleration 
occurs.  The  project ih'  punctures  a  diaphragm  and  enters  the  Scramaccelerator  tubes  filled  with 
the  fuel  and  oxiflizer  mixture. 
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BACKGROUND 

There  exists  a  long-staiuling  interest  in  harnessing  deionation  waves  for  propulsion  of  liypersonic 
aircraft  [1]  [2]  [3]  [1]  and  hyper-velocity  projectile  launchers  [5]  [6].  Approximate  performance 
calculations  show  that  normal  (as  opposed  to  oblique)  detonations  arc  unsuitable  for  propulsion, 
due  to  the  difficulty  of  wave  stabilization  and  to  exceedingly  high  loss  of  total  pressure.  Standing 
oblique  detonation  waves  (ODW’s)  appear  to  be  satisfactory  from  a  total  pressure  loss  standpoint, 
but  historical  attempts  to  stabilize  ODW's  in  combustion  tunnels  [7]  were  inconclusive,  due  in  part 
to  limited  approach  .Mach  numbers,  as  well  as  a  fundamental  lack  of  understanding  of  detonation 
wave  mechanics.  However,  recent  theoretical  work  [S]  [h]  clarified  under  what  conditions  standing 
ODW's  can  be  stabilized  with  acceptable  propulsive  efficiency.  Specifically,  reference  [10]  shows 
that  only  overdriven  weak  ODW’’s  are  suitable  for  propidsion.  and  that,  for  anv  given  approach 
M  ach  number  and  reactant  gcis  thermodynamic  state,  there  are  minimum  and  ma.ximum  flow 
deflection  angles  outside  of  which  an  ODW  cannot  b.'  stabilized. 

Based  on  analytical  studies,  it  is  possible  to  design  an  (^DW  Scramaccelerator  which,  through  stag¬ 
ing  and  appropriate  choice  of  the  initial  launcher,  can  acceli'rate  projectiles  of  any  practical  size 
and  weight  to  earth  escape  velocity  and  beyond.  Thi.-'  study  describes  the  experimental  demon¬ 
stration  of  the  technology.  Applications  include  strategic  and  tactical  kitietic  energy  weapons,  and 
low-cost  transport  of  structural  materials  to  low  earth  orbit.  The  oblique  detonation  wave  Scra¬ 
maccelerator,  as  with  conventional  thermal  propulsion  cycles,  has  the  three  aero-thermodynamic 
processes  of  compression,  heat  release  and  expansion. 


OBLIQUE  DETONATION  WAVE  ^  .  CONICAL  BOW  SHOCK 


NOZZLE  COMBUSTOR  INLET 


EXPANSION  ZONE  HEAT  COMPRESSION 

RELEASE  ZONE 
ZONE 

Figure  1:  Oblique  Deionaiion  Wave  Scramaccelerator. 

In  the  Scramaccelerator,  represented  schematically  in  Figure  1.  the  launch  tube  is  initially  filled 
with  premixed  fuel,  oxidizer,  and  ciptional  diluent  (nitrogen  in  this  case).  The  projectile  is  designed 
so  the  forebody  forms  the  iidet  compression  region,  the  land  forms  the  combustor  region,  and 
the  tail  of  the  jirojectile  forms  the  supersonic  exhau'-t  nozzle.  The  inert  proji'Ctile  (no  onboard 
propellants),  whose  diameter  is  ajtproximately  ninety  perceni  of  the  latinch  ttibe  internal  diameter 
is  injected  axially  into  the  launch  tube  at  high  initial  \e|ocity.  Ham  compression  of  the  reactant 
gases  is  accomplished  liy  a  suitable  .sequetice  of  weak  oblique  shocks  set  up  Ity  a  supersonic  inlet 
center  body.  The  reflected  wave  off  the  tube  wall  is  of  'sufficient  strength  to  stabilize  an  over-driven 
oblique  detotiatioti  [8]  that  occurs  iti  the  cotiipresseil  reactant  gas  flowitig  through  the  annular  area 
between  the  projectile  Itody  and  the  tube  wall.  Kx|)ausiciti  from  the  annulus  to  the  full  tube  area 
in  the  projectile  wake  occurs  through  a  supersonic  nozzle  zone  defined  l>y  the  projectile  afterbody 
geometry.  The  static  pressure  on  the  projectile  afterboily  is  considerably  greater  than  on  the 
conical  forebody  with  a  resultant  tiet  thrust. 


I)c\c!opnicni  of  □  Scruniacirclcralor  ba'cd  h>pcr\cliKUy  launcher 
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During  compression  of  the  reactant  mixture,  care  must  lie  taken  not  to  ignite  or  detonate  the 
reactant  gas  mixture  lui'inaturely.  This  can  he  controlli’d  in  one  or  both  of  two  ways:  by  insuring 
that  tlie  residence  time  in  tlie  inlet/difruser  region  i>  less  than  the  chemical  induction  time  [11], 
and/or  by  insuring  that  the  flow  turning  angle  tlirougli  the  conical  bow  shock  is  less  than  the 
minimum  flow  turning  angle  reepnred  for  an  ODW  to  stabilize  [10],  Hertzberg  et  al.  [6]  claim 
that  a  ballistic  efficiency  (dtTiiK'd  ?,s  the  rate  of  kinetic  energy  increase  of  the  projectile  divided 
by  the  rate  of  chemical  heat  release)  of  thirty  p<'rcent  is  achievable.  Preliminary  calculations 
for  projectiles  with  a  simple  conical  forebody,  confirm  that  Hertzberg's  claim  is  realistic.  With 
a  properly  designe^l  supersonic  centerbody  diffnst'r  in  place  of  the  cone,  even  higher  ballistic 
efficiencies  should  be  realizable.  Thrust  on  the  projectile  is  predicted  to  be  relatively  constant 
over  a  wide  range  of  .Mach  numbers,  and  is  directly  proportional  to  the  product  of  the  heat  released 
per  unit  mass  of  propellant  the  propellant  fill  mass  density,  the  tube  cross-sectional  area,  and  the 
ballistic  efficiency,  I  he  length  of  launch  tube  reipiired  for  a  given  velocity  increment  is  directly 
proportional  to  the  corresponding  increment  of  projectile  kinetic  energv,  divided  bv  the  thrust. 
M  ore  detailed  performance  discussions  can  be  found  in  References  [12]  [13]  [14]. 


SYSTEM  CONFIGURATION 

The  tests  required  a  launcher  that  couhl  accelerate  the  specially  designed  projectiles  to  supersonic 
velocities  prior  to  the  projectile  entering  the  Scramaccelerator  barrels.  The  two-stage  light-gas 
gun  at  the  IRl,  was  chosen  for  this  task.  The  launch  tube  diameter  of  38mm  allows  the  projectile 
model  to  be  large  enough  to  minimize  some  secondary  effects  during  the  .Scramaccelerator  process. 
The  Scramaccelerator  is  a  hypervelocity  acceleration  device  that  requires  a  minimum  insertion 
velocity  or  "takeover  vidocity".  The  minimum  is  determined  by  the  geometry  and  the  Chapman- 
Jouguet  Mach  .Number  of  the  fuel  and  oxidiz*'r  to  by  used.  For  these  tests,  the  insertion  velocities 
required  were  above  2.0  km/sec.  For  most  of  the  tests.  3. 1  km/.sec  was  the  target  insertion  velocity. 
The  insertion  velocity  iuqiacts  the  required  base  pressure  to  be  delivered  by  the  light  gas  gun. 
The  demonstration  Scramaccelerator  system  consists  of  a  two-stage  Light  Gas  Gun  (LGG)  and 
sabot  separator  a-ssi'iiibly  which  first  accelerates  th<‘  projectile  up  to  velocities  of  3.1  km/sec  and 
then  strips  the  obturating  sabot  (needed  for  the  light  gas  gun  launch  but  not  acceptable  in  the 
Scramaccelerator  mode  of  acc('leration).  The  system  must  do  so  without  propagating  a  normal 
shock  downstream  into  the  Scramaccelerator  tube  filled  with  a  mixture  of  fuel  and  oxidizer. 


Dfscriplioii  (if  Vdilimj  Probkm. 

In  order  for  the  Scramaccelerator  to  function  properh  an  obliipie  conical  shock  must  be  generated 
on  the  forebody  of  the  |irojectile.  To  do  this,  the  projectile  must  pass  through  the  ga.sdynamic 
shock  which  is  driven  ahead  of  the  projectile  in  bore.  In  the  terminology  of  the  aircraft  propulsion 
field,  this  process  is  known  as  "shock  swallowing"  or  inlet  starting".  There  are  at  least  two  ways 
to  start  (initiate  supersonic  flow  around  the  jirojectile)  tin'  Scramaccelerator  process  [1.)].  The  one 
used  successfully  in  these  experiments  is  described  here.  1  he  sabot  was  removed  by  gas  dynamic 
stripping.  I  h<'  gas  iti  front  of  the  projectile  as  a  result  of  the  sabot  stripping  must  be  vented 
sufficiently  to  allow  the  projectile  inlet  to  start  in  tin-  vent  tube  prior  to  reaching  the  diaphragm 
which  contains  tin-  Scramaccelerator  fuel  and  oxidizer  gases.  If  this  condition  is  not  met,  the  gas 
in  front  of  the  projectile  will  break  the  tliaphragm  ami  initiate  a  tiormal  driven  detonation  in  front 
of  the  projectile  preventing  the  system  from  starting. 

An  internal  ballistics  cod<’  was  used  in  the  determination  of  vi'iiting  refiuirements  in  the  Scra- 
macclerator  ti'chiudogc  demonstration  program.  (.A  rum|i|ete  description  is  given  by  Humphrey 
et  al,  [],-)]  Detaile.l  analysis  was  reijttired  to  di'termim'  \enting  requirements  for  inlet  starting 
of  a  Scramaccelerator  projectile  moving  at  hypi'rsonic  vi'lexities  in  a  tube.  The  results  provided 
nei'ded  di'sigti  detail 
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Since  launching  into  a  complete  vacuum  is  impossible,  it  is  important,  in  fact  necessary,  to  under¬ 
stand  the  contribution  of  transmitted,  reflected,  and  convected  waves  in  the  solution  of  a  Mach  9 
and  higher  shock  wave  propagating  down  a  tube,  crossing  interfaces  of  different  gases,  pressure, 
temperature,  and  retaining  diaphragms  between  tube  sections  that  contain  venting.  The  essential 
goal  is  to  be  able  to  start  a  projectile  of  fixed  geometry  as  it  traverses  the  launch  tubes  prior  to 
reaching  the  fuel  and  oxidizer  filled  Scramaccelerator  tubes.  The  results  aptly  demonstrate  the 
hypersonic  nature  of  this  problem  and  illustrate  Mach  number  effects  when  considering  a  problem 
of  high  Mach  number  -  in  e.xcess  of  Mach  9. 


Launch  Tube 
^  -  _■ 


a 


Vent  Tube  1  Sabot  Separator  Tube 


b  c  d 


Vent  Tube  2 


e  i 


Scram  Tube 


Figure  2:  Barrel  Venting  Configuration. 

Results  of  Barrel  Venting  Calculations.  The  geometry  of  the  actual  configuration  of  interest  is 
given  in  Figure  2.  The  system  consists  of  a  foot  launch  tube  (the  second  stage  of  a  two- 
stage  light  gas  gun),  a  vent  tube  (vent  tube  1).  a  sabot  separator  tube,  a  second  vent  tube  (vent 
tube  2),  and  the  entrance  to  the  Scramaccelerator  tubes.  The  venting  in  the  first  vent  tube  is 
to  be  designed  to  adequately  vent  the  ba.se  pressure  on  the  launch  package  shown  in  Figure  3. 
Adequate  ba.se  pressure  venting  is  determined  by  the  sabot  separation  phase.  Sabot  separation 


is  accomplished  by  gas  dynamic  stripping  of  I  In’  .sabot  in  the  sabot  separator  tube.  The  sabot 
separator  is  filled  with  gas  that  is  retained  l>y  diaphragms  at  l)oth  ends.  The  gas  pressure  in  the 
sabot  .separator  is  higher  than  the  pre.ssure  in  the  two  vent  tubes.  While  the  sabot  and  obturator 
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are  in  launoli  position  against  the  projectile,  tlie  laini'  li  package  can  be  treated  as  a  piston  driving 
a  gas  column  in  the  tube.  When  the  piston  enters  tin*  saliot  separator,  the  piston  driven  normal 
shock  in  front  of  the  projectile  raises  the  pressure  on  the  face  of  the  projectile.  The  first  vent 
tube,  meanwhile,  has  vented  the  high  pressure  LGtJ  launch  gases  from  the  base  of  the  obturator. 
The  large  pressure  differential  across  the  launch  packagt-  will  strip  the  sabot/obturator  off  of  the 
projectile.  This  is  possible  because  the  flow  of  the  gas  relative  to  the  projt'ctile  (behind  the  normal 
shock)  is  subsonic.  Tin-  pressurt'  is  relatively  constant  behind  the  shock  wave  all  the  way  to  the 
face  of  the  sabot  and  hence  the  sabot  sn|)ports  the  pressure  tlifference  Ijetween  the  vented  base 
pressure  and  the  leading  shock.  (The  pressure  diffi'rence  across  the  saliot  is  reduced  by  the  drag 
on  the  projectile  as  a  result  of  the  flow  past  the  projectile  to  fill  the  void  between  the  projectile 
and  sabot  as  the  sabot  deceh'rates  relativi'  to  the  projectile  due  to  the  pressure  differential.) 

The  separation  distance  between  the  projectile  and  sabot  is  determined  by  the  time  of  flight  in 
the  sabot  separator,  the  pressure  difference  across  the  sabot,  and  the  mass  of  the  sabot.  Simul¬ 
taneously,  the  leading  piston  driven  shock  is  reduced  in  strength  by  the  mass  leakage  past  the 
projectile  as  the  sabot  and  projectile  sejiarate.  (Jivi'ii  the  launch  conditions,  all  of  these  effects  can 
be  accounted  for.  The  second  vent  tube  can  be  operated  in  two  modes  in  order  to  start  the  projec¬ 
tile  inlet.  Mode  1  inlet  starting  is  accomidishe<l  liy  first  venting  the  sabot  separator  gas  in  front  of 
the  projectile  and  then  reaching  a  stearly  stat<»  standolf  distance  of  stifficiently  short  length  that 
the  leading  shock  is  swallowed  in  the  converging  inlet.  (Stability  of  shocks  in  converging  inlets 
with  venting  is  not  considered  here.  but.  is  an  area  where  further  study  is  requit  'd  to  determine 
the  stability  criteria  for  shock  swallowing.)  Mode  2  inh  t  starting  is  to  design  liie  diaphragm  at 
the  inlet  of  tlu'  Scramaccelerator  tube  to  act  as  a  wall  to  the  transietit  shock  propagation  thr  ugh 
the  tube  and  to  stoji  the  flow  by  reflecting  a  shock  back  toward  the  projectile.  In  this  case,  the 
projectile  Mach  niimbtu'  must  be  sufficient  relative  to  the  gas  conditions  in  front  of  the  diaphragm 
(which  has  underg'tiie  two  shocks  and  is  at  lti;;h  temperature)  to  assure  inlet  starting  when  the 
projectile  meets  with  the  refl.'ct<'d  shock.  Oitl>  modi-  1  inlet  starting  is  discussed  here.  In  the 
Mode  1  method  of  iiih  i  starting,  the  second  \<  nt  tub*'  iiiu.-f  perform  two  functions:  1)  to  v‘->nt 
the  transmitted  shock  and  gas  that  is  pushe<l  m  front  i.T  tin'  proji'ctile  as  a  result  of  the  sabot 
stripping  process,  and  2)  to  start  the  proji'ctile  inlet  prior  to  the  projectile  entering  the  Scramac¬ 
celerator  tube  so  that  the  projectile  tip  breaks  tin'  .Scramaccelerator  tube  diaphragm  rather  than 
a  normal  shock  which  would  propagate  through  the  Seramaccelerator  tube  as  a  Chapman-Jouguet 
detonation  ahead  of  the  projectile.  The  starting  secnience  is  .lepicted  schematically  in  figure  4. 

The  first  function  in  Mode  1  operation  of  the  second  vent  tube  is  to  vent  the  gas  in  front  of  the 
projectile,  the  precursor  gas.  as  the  projectile  leaves  tin  sabot  separator  and  prior  to  inlet  starling. 
This  process  was  numerically  calculaied  for  si'M-ral  casi  s.  The  second  function  of  the  second  vent 
tube  is  inlet  starting.  Since  there  is  venting  in  the  si  coiid  vent  lube,  there  exists  a  steady  state 
stand-off  distance  of  the  jirojectile  driven  shock  for  a  •'itflicienl  ly  long  vent  tube.  The  important 
factors  that  determine  this  standoff  distance  ara  the  M-locity  of  the  projectile,  the  temperature  ol 
the  initial  gas  iti  llii-  tube  and  the  ratio  of  the  viuiing  are, a  to  vetited  tube  volume.  This  cati  be 
solved  atialyl  ic.illy  and  compared  with  the  results  of  ilii-  comimi  at  iotis. 

In  order  to  start  the  luojectile  inlet,  it  is  necesstiry  for  the  standoff  distance  to  be  less  than  the 
length  of  the  itilet  (ilet, ailed  cjilculat iotis  are  shown  in  [la]).  I  his  can  be  used  to  determitie  the 
venting  ratio  reipiired  to  accom|ilish  the  starting  of  th*'  inlet.  The  insertion  velocities  required  of 
the  Scramaccelerator  iti  the  ilepiotist rat ioti  testing  resulteil  in  Mach  numbers  in  excess  of  Mach  9. 
The  import, atit  pro,  esses  evaluated  were  sabot  separation  and  inlet  starting.  These  studies  were 
used  to  design  the  Scr,imarceleratc,r  lest  hardw.are  and  to  develop  the  test  conditiotis  and  proved 
essential  to  starting  the  inlet  iti  the  test  hardware. 


Fartlitii  Layout  ntnt  Coiijiyitralioa 

Fhghteen  tests  firings  related  to  the  developillillt  of  Set  amaccelerator  technology  were  completed 
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Figur<^  4;  Mo'lf  1  Startin'’;  Process. 


b\  Ad\anced  Projects  Ib>s('arch  Incorporated  (  AI’HI)  at  the  Titan  (.'orporat ion  Impact  Research 
Laboratory  (IHL). 

Tuo  Stage  Light  0ns  (,nv.  Tlie  laiinclter  consists  of  a  two-staL,’’  light-gas  gnn  with  a  llo  mm 
pump  tulre  and  a  .58  nun  launch  tulte.  The  pnmi>  tube  is  pressurized  to  a  few  MPa  with  a  light 
gas  (hydrogen  \sas  used  for  all  of  these  tests).  :nokeh>.s.s  powder  is  burned  in  a  powder  breech, 
generating  sulliciently  liigh  pressures  t'’  propel  a  compression  piston  down  the  pump  tube.  The 
piston  further  compre.sses  the  hydrogen  in  the  (>niiip  tni’e.  v.hich  then  ruptures  a  petal  valve 
located  just  uprangt'  of  the  |;ninch  package,  accelerating  the  launch  package  down  the  launch 
tube. 

Large  Target  Tank.  1  he  rang*’  tankage  consists  ofsev  ral  tanks,  each  with  a  specific  purpose.  The 
extra  barrels  re(|nired  lor  the  Scramaccelerator  were  d<'signed  to  couple  directly  to  the  existing 
barrels  and  to  fit  into  the  existing  tankage.  The  muzzle  of  the  launch  tube  (LT)”of  the  Light-Gas 
Gun  (LGG)  enters  the  range  tankage  and  is  coupled  to  a  l.Obm  (42in)  vent  tube  (VT).  The  blast 
tank  is  sized  to  ensure  that  pre.ssures  due  to  the  hydrogen  that  is  dumited  into  the  tank  during 
a  test  remain  significantly  below  one  atmospln’ie  when  a  vacuum  of  a  few  Torr  is  pulled  pretest. 
Tnis  criterion  guarantees  that  hydrogen  will  not  so-p  out  of  the  tank  post-test  should  any  leaks 
develop  in  the  range  during  a  test  The  two  small  tanks  ilownrange  of  the  blast  tank  are  referred 
to  as  th<  sabot  separator  tank  and  the  small  t.irget  tank.  These  tanks  p.  )\  ided  access  to  various 
barrels  for  cleaning,  maintenance,  and  installatK  ii  of  instrumentation. 

Operation.  Once  the  desired  injection  velocity  was  obtain'd  by  the  Light  Gas  Gun  (LGG),  sabot 
separation  was  reiniired  as  described  earlier.  The  effort  to  achieve  this  condition  was  more  difficult 
than  was  originally  planned  and  involved  .several  barrel  reconfigurations  and  modifications.  All 
of  the  shots  included  the  basic  LGG  launcher  and  a  1.07m  (T  .'ift)  vent  tube.  Shots  1  through  4 
coupled  a  .T  O.'mi  (10ft)  sabot  separator  tube  (SST  )  to  the  vent  tube.  The  .91m  (3ft)  .Scramaccel¬ 
erator  tube  (ST)  was  installed  as  tin'  final  stage.  Two  different  methods  were  used  to  separate 
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the  sabot.  Shot  1  ii.sed  one  atmosphere  of  air  in  tin-  SST  to  slow  down  the  sabot,  causing  it  to 
separate  from  the  projectile.  This  method  created  a  shock  wave  in  front  of  the  projectile  which  if 
unvented  would  initiate  combustion  of  the  fuel  in  the  Scramaccelerator  tube  before  the  projectile 
arrived. 

Due  to  the  difficulties  with  starting,  a  barrel  modification  was  made.  The  SST  was  machined 
int  two  separate  tubes;  a  1.83m  (7‘2in)  long  S.ST  and  a  LTim  (44in)  long  vent  tube.  This  new 
vent  tube  was  designed  with  slots,  rather  than  holes,  to  maximize  the  venting  capability.  Shots 
5  through  11  used  this  slotted  vent  tube  (SVT).  It  was  finally  abandoned  for  the  final  seven 
tests  because  of  the  damage  to  the  lube,  projectile,  and  sabot.  The  0.91m  (3ft)  ST  was  slightly 
modified  to  allow  it  to  be  coupled  to  the  1.83m  (72in)  barrel  that  had  been  used  as  an  SST.  In 
Shots  12  through  18,  the  0.91m  (3ft)  ST  did  tlie  job  of  the  SST,  while  the  1.83m  (72in)  barrel 
acted  just  as  a  connection  tube  joining  the  LGC!  and  its  VT  with  the  downrange  barrels. 

Shots  5.  6  and  7  used  one  3.05m  (10ft)  ST  coupled  ilirectly  downrange  to  the  SVT.  Shot  8  used 
two  3.05m  (10ft)  ST  sections;  the  first  section  was  evacuated  with  the  range  and  the  second  section 
was  pressurized  to  be  used  as  the  Scramaccelerator.  Starting  was  not  evident  in  these  tests. 

To  help  vent  the  pressure  that  developed  from  the  sabot  si'paration  process,  another  barrel  mod¬ 
ification  was  made.  One  of  the  3.05m  (10ft)  STs  was  machined  (see  drawing)  with  almost  300 
vent  holes.  This  barrel  was  located  downrange  of  tlie  slotted  vent  tube  in  Shots  9,  10,  and  11. 
In  Shots  12  through  18.  when  the  slotted  vent  tube  was  replaced  with  the  0.91m  (3ft)  SST,  the 
3.05m  (10ft)  N’T  was  coupled  to  the  downrange  end  of  th<  0.91m  (3ft)  SST. 

The  ST  was  the  last  barrel  in  all  18  tests.  .Shots  1  through  4  used  the  0.91m  (3ft)  ST,  while  Shots 
5  through  18  u.sed  a  3.05m  (lOft)  ST.  Shots  2  and  3  did  not  have  any  pressure  in  the  ST.  All  of 
the  other  tests  did  have  pressure  in  the  ST. 

One  large  tank  makes  up  the  remaining  tankage  use<l  for  the.se  tests,  'fliis  final  tank  is  a  large 
target  tank,  which  has  a  2.44m  (8ft)  diameter  and  is  about  3.()6m  (12fi)  long.  The  muzzle  of  the 
Scramaccelerator  was  located  in  the  uprange  end  of  this  tank.  Distance  between  the  muzzle  and 
the  terminator  plates  was  allowed  to  take  flash  radiography  after  the  projectile  left  the  muzzle 
and  was  in  free  flight.  The  downrange  end  of  the  tank  contained  the  sand,  wood  and  steel  used 
to  stop  the  projectile.  Figure  5  is  a  schematic  of  the  range  tankage  with  a  generic  barrel  setup 
inside  the  tanks. 


RAXGE  fXSTR  1  'MEMA  TIO\ 

Essential  to  the  test  program  is  the  instrumentation  which  required  extremely  fast  time  response. 
Since  the  velocities  of  interest  are  3  to  5  km/sec.  the  projectile  will  traverse  3  to  5  mm  per  mi¬ 
crosecond.  The  determination  of  position,  time  of  arrival,  velocity,  and  acceleration  is  dependent 
upon  the  time  response  of  the  measurements.  The  performance  of  the  Scramaccelerator  process 
is  measured  using  a  DO"  X-ray  intervalometer.  pressure  transducers,  optical  detectors,  magnetic 
detectors,  and  flash  radiographs.  The  velocity  of  the  projectile  is  recoided  at  the  muzzle  of  the 
two-stage  light  gas  gun  using  a  DC  X-ray  intervalometer.  This  velocity  can  then  be  compared 
to  the  exit  velocity  from  the  Scramaccelerator  barrel.  The  exit  velocity  and  the  con  'ition  of  the 
projectile  are  recorded  with  flash  X-ray.  Passive  optical  detectors  record  the  passage  of  the  projec¬ 
tile  by  utilizing  the  light  emitted  during  the  hypersonic  shock  and  combustion  process.  Pressure 
histories  from  transducers  placed  along  the  Scramaccelerator  barrels  aid  in  the  evaluation  and 
analysis  process. 

DC  X-ray  latn-vnlniiulcr.  The  IRI,  X R-202-\N’/ 100- It)  X-ray  Interruptor  System  was  used  in  all 
of  the  tests  to  measure  the  velocity  at  the  muzzle  of  the  launch  tube  of  the  LGG.  The  system 
is  based  on  a  continuous  X-ray  source  that  can  produce  energy  levels  up  to  lOOKV  .  The  X-rays 
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Figure  5;  Typiral  Large  Target  Taitk  Setup. 


are  converted  into  visible  light  by  a  scintilaiion  crystal.  The  triggering  pulses  based  on  the  X-ray 
source  interruption  technique  is  very  elective  in  ho,stil<>  gun  range  environments.  The  emitter  and 
crystal  are  place  on  opposite  sides  of  the  launch  tube,  looking  through  special  ports  machined  in 
each  side  of  ihf  barrel.  l'nlik<'  the  conventional  pretleeessors.  however,  this  system  utilizes  fiber 
optics  technology  in  orch'r  to  isolate  the  triggering  sen>>or  elt'ctronics  from  the  EMI/RFI  fields 
that  are  cornmoidy  in  existence  in  most  large  guii  rangi'  facilities. 

Flash  X-ray  Radtography.  Four  channels  of  flash  X-rays  wfue  utilized  during  the  tests.  These  were 
configured  to  observe  velocity,  condition,  yaw  and  pitch  of  the  projectile  during  free  flight.  The 
X-rays  were  taken  with  a  Scandiflash  doO  System.  The  specifications  of  this  system  are  as  follows: 


Output  X’oltage 

150  -  d50  kcV 

Output  F’eak  ( 'urreiii 

10  kA 

Puls-  Width 

20  ns 

Max  Dose  per  pul>e  at  1  m 

20  mR 

Focal  Spot  Size 

1  mm 

Penetration  of  Steel  al  2-5m 

18  mm 

Table  1;  Fla.^h  X-ray  ( 'onditions. 


The  film  useil  in  all  of  the  shots  was  Dupont  .\D  I  ■')7.  Spectroline  regular  scintilation  screens 
were  used  both  in  front  of  aiul  behind  the  film.  Tlie  obji-ct  to  .source  and  object  to  film  distances 
for  shots  1  through  d  were  1. 52m  (5ft)  and  O.Mm  (bin),  respectively.  These  respective  distances 
for  shots  5  through  S  were  2.59m  (8.5ft)  and  ().15m  (iJiu).  and  for  shots  9  through  18  were  2.90m 
(9.5ft)  and  0.15m  (bin)  The  various  meihods  used  to  trigger  the  flash  X-rays  are  discussed  in  the 
sections  below.  The  digital  delay  generator  built  into  th<'  Scandiflash  System  allows  the  X-ray 
pulse  to  be  synchrotiized  with  the  event.  The  system  is  triggered  by  sh  ri  *  ir  niiing  the  input  of 
the  delay  generator  or  by  providing  a  positive  pulse  in|nit.  The  outpi  -  u  tie  delay  generator 
starts  the  trigger  amplifier  that  is  mounted  oti  the  pidM>r.  The  [Uib.  eliolrical  energy 

storage  and  voltage  multiplier  as.sembly.  It  stores  a  selected  volta:;*  u:  :  capacitors  and 

delivers  tlie  stored  energy  in  series  al  high  voltage  and  current  level-  r.)  t-xtremely  short 
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elapsed  lime. 

Streak  Camera.  B<'raiise  of  extremely  hostile  eiiviromiieiii  and  the  difficulties  with  making  a  trig¬ 
gering  system  for  the  flash  X-ray  survive,  a  streak  camera  was  added  to  several  tests.  The  Fastax 
II,  Model  46-0008,  streak  camera  is  a  high  speed  Kimm  camera.  Streak  photography  involves 
recording  the  actual  motion  of  a  real  article.  The  streak  photography  produced  a  shadowgraph 
of  the  projectile  in  free  flight  past  a  slit  aperture  that  is  placed  at  the  film  plane  to  limit  the 
camera  s  view  to  a  narrow  band.  The  camera  was  positioned  with  the  slit  aperture  parallel  to  the 
subject  motion  and  the  film  travel  at  90  degrees  to  the  path  of  motion.  The  film  record  contained 
a  resultant  line  image  with  time  measured  along  the  length  of  the  film  and  object  displacement 
across  the  film  width. 

Pressure.  All  IS  tests  included  the  use  of  piezo-electric  ballistic  pressure  transducers.  These 
transducers  were  used  to  measure  the  transient  pres.sure.s  in  the  sabot  separation  and  venting 
tubes  and  in  the  Scramaccelerator  tubes.  Several  model^,  from  two  different  vendors  were  used; 
all  with  less  than  satisfactory  results.  The  transducers  used  initially  provided  no  useful  pressure 
data  other  than  time  of- flight  information  because  they  each  failed  during  their  first  use.  The 
transducers  used  in  the  latest  shots  generally  provided  good  pressure  data  for  only  the  first  use 
and  time-of- flight  data  on  subsequent  shots. 

Optical.  Optical  ports  were  provided  through  the  Scramaccelerator  tube  wall  in  order  to  detect  the 
luminosity  of  the  gas  during  the  launch  sequence.  Multimode  plastic  optical  fibers  were  inserted 
into  the  each  optical  port.  The  luminosity  of  the  gas  was  detected  at  the  opposite  end  of  the  fiber 
with  a  photodiode  detector  circuit. 

Break  Screens.  In  the  first  6  tests,  a  make  screen  was  used  to  provide  the  trigger  for  the  flash 
X-rays.  The  make  scremis  varied  from  two  layers  aluminum  foil  insulated  by  a  thin  layer  of  paper 
to  two  layers  of  3.1mm  (l/8in)  thick  aluminum  plat*-  insulated  from  each  other  by  about  a  half 
inch  airspace.  The  only  attemjjts  that  succeeded  w.'re  with  the  3.1mm  (l/8in)  thick  plates  on 
tests  that  did  not  have  a  mix  of  fuel  and  air  in  the  SI  (Shots  ‘2  and  3).  .Make  screens  were 
abandoned  for  this  f('st  series  due  to  the  high  probability  of  a  blast  front  occurring  in  front  of  the 
projectile.  The  blast  causi'd  the  make  screen  either  to  trigger  thi>  flash  .X-ray  before  the  projectile 
arrived  or  caused  the  make  screen  to  he  comp|et<4y  blown  away  without  any  contact  occurring, 
therefore  providing  no  trigger  to  the  flash  .X-rays. 

Magnetic  Coil.  In  shots  9  through  18.  a  magnetic  coil  was  used  to  provide  a  trigger  for  the 
flash  X-ray.  Thi'  coil  was  one  of  a  pair  that  make  ui>  thi'  IRI.  Magnetic  Intervalometer  System, 
Model  .\o.  SS-IOOS.  The  Large-Apert  lire  .Magnetic  Coil  is  a  rugged,  flexible  instrument  designed 
for  detecting  oncoming  projectiles  in  the  presence  of  hostile  environments.  Output  from  the 
control/display  may  be  used  to  trigger  auxiliary  instrumentation.  The  detector  head  is  a  classic 
passive  magnetic  projectile  sen.sor.  The  outer  jiortion  of  the  aluminum-encased  toroid  is  filled 
with  magnetic  material,  which  produces  a  strong  solenoidal  magnetic  field  within  the  aperture. 
A  search  coil  is  wound  on  the  outer  diameter  of  the  massive  fiberglass  tube  that  surrounds  the 
aperture.  This  coil  is  maintained  in  a  rigidly  fixi'tl  position  with  respect  to  a  permanent  magnetic 
field.  A  projectile  approaching  the  detector  head  experienc<>s  a  time-varying  magnetic  field  as  it 
moves  along  the  axis  of  the  permanent  magnet's  fiehl.  If  the  projectile  is  made  from  electrically 
conducting  material,  eddy  currents  are  induced  in  Ik  outer  surface  which  produce  a  counter 
field  that  effectivi'ly  prevents  penetration  of  the  external  fields  into  the  projectile  interior.  The 
magnetic  field  pro<luced  by  th<'  eddy  current  exti'iuls  well  lu'yond  the  projectile  and  is  sensed  by 
the  search  coil  which  |>rodnces  a  voltage  excursion  at  its  output  terminals. 


Pretest  I.(!C  C'nnfignration  Calc  illations. 

The  desired  inject. on  velocity  for  the  Scramacciderator  was  olitained  with  the  hGG.  Calculations 
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to  correctly  configure  the  powder  charge  and  light  gas  in  the  LGG  were  performed  using  a  com¬ 
puter  program  documented  by  Charters  and  Saiigster  in  1973  [IG].  The  main  variables  required 
for  these  calculations  include  piston  mass,  petal  valve  rupture  pressure,  gun  geometry,  launch 
package  mass,  has  type  and  pressure  in  the  ]>ump  tubi'  and  the  powder  charge  type  and  weight. 
For  all  the  tests,  only  three  of  these  parameters  were  varied,  the  projectile  mass,  the  hydrogen 
pressure  and  the  amount  of  powder  used.  The  type  of  powder  used  was  Hodgden  5010.  Only 
three  dilferent  shot  configurations  w-ere  used  during  the  testing.  Tests  1  through  12  used  1900  gm 
H5010  and  3.50  psi  H2  for  a  launch  package  that  nominally  weighed  215  gm.  Tests  13  through  17 
used  1800  gm  115010  and  350  psi  H2.  Finally.  Test  18  used  2000  gm  H5010  and  400  psi  H2.  The 
launch  package  weight  for  both  these  configurations  was  196  gm. 


LAUNCH  PACKAGES 

The  design  of  the  launch  package,  projectile,  sabot,  obturator,  and  pusher  plate  combination, 
required  consideration  of  several  issues.  Some  of  the  more  important  requirements  are  listed  here. 


1.  Integration  of  the  projectile  with  the  sabot. 

2.  Low  speed  launcher  physical  constraints. 

3.  Screunaccelerator  launcher  constraints. 

4.  Acceleration  loading  of  launch  package  in  the  low  speed  launch  phase. 

5.  Acceleration  loading  of  projectile  in  the  Scramaccelerator  launch  phase. 

6.  Sabot  stripping  between  the  low  speed  cmd  Scramaccelerator  phases. 

7.  Heat  transfer  at  the  nose  tip. 

8.  Heat  transfer  along  the  annulus  in  the  hot  flow  after  the  detonation. 

9.  Ease  of  manufacture  for  several  parametric  shapes. 

10. Optimum  gas  dynamic  performance. 

11. Flight  dynamics. 

12. Structural  integrity. 

13 . Scraunaccelerator  diaphragm  interaction  with  the  projectile  nosetip. 


The  Studies  thus  far  have  generated  a  projectile  design  that  lia.s  a  simple  conical  forebody,  an 
ideal  expansion  nozzle  afterbody,  and  a  constant  area  center  body.  Each  of  the  cone  sections 
will  be  threaded  onto  the  center  body  for  interchangeability  of  various  angle  cones  and  reduced 
manufacturing  costs.  There  are  four  eqtii-spaced  fins  that  wall  run  from  the  forward  edge  of 
the  centerbody  back  to  the  end  of  the  expansion  nozzle.  The  trailing  edge  of  the  fins  were 
perpendicular  to  the  projectile  axis.  The  foreborly  cone  had  a  separate  nosetip  which  was  press 
fit  into  the  projectile,  so  that  the  tip  material  could  be  chosen  for  its  thermal  characteristics. 

In  addition  to  the  projectile  body  itself,  the  lauiicli  package  consisted  of  an  obturator,  pusher 
plate,  and  a  sabot . 


RESULTS 

A  summary  of  the  18  shots  is  provided  in  tabh-  2  .Ml  siiots  were  fired  at  or  near  3.1  km/sec. 
The  first  four  shots  wcr<-  preliminary  shots  performed  without  all  of  the  barrel  sections  in  place. 
The  rjbjeclives  of  the  first  four  shots  w<'re  to  verify  the  launch  package  design,  to  shakedown 
the  instrumentation,  t<7  verify  sabot  separation  and  to  locate  unanticipated  problems.  Several 
changes  were  made  before  proceeding  to  tin'  second  iiuind  of  four  shots.  In  the  second  shot, 
through  the  flash  X-ray  radiographs  and  the  streak  camera  photos,  it  was  discovered  that  the 
projectile  tips  were  br<'aking  free  from  the  projectile  during  the  light  gas  gun  launch  phase. 
The  tip  was  redesigned  to  provide  a  stronger  connection  to  the  projectile  body.  It  was  also 
discovered  that  the  ballistic  pressure  transducers  initially  chosen  could  not  withstand  the  dynamic 
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Shot  Number 

Objective/Result 

1-4 

Projectile  Integrity,  Sabot  Separation 
Instrumentation  Shakedown 

5-8 

Instrumentation  Shakedown,  Venting  and  Starting 

9-12 

Venting  and  Starting 

13,14 

SUCCES.SFL'L,  Starting  and  Positive  Acceleration 

15-17 

Projectile  Failure 

18 

SUCCESSFUL,  Starting  and  Positive  Acceleration 

Table  2;  Experimental  Results  -  18  Shots 

loading  to  which  they  were  subjected.  Each  transducer  would  fail,  catcistrophically,  during  its 
first  use.  Subsequently,  shock  hardened  transducers  from  another  vendor  were  supplied.  Finally, 
modifications  to  the  sabot  separation  system  were  dictated  by  data  from  the  first  four  shots. 

During  shots  5  through  8  it  was  discovered  that  the  projectile  was  not  starting  because  venting 
Wcis  not  adequate  with  the  slotted  vent  under  the  pressure  conditions  used.  In  shots  9  through 
12  modifications  to  the  vent  tube  set  up  and  fill  pressures  were  made  until  the  projectile  was 
successfully  started  in  shot  13.  In  both  shots  13  and  14.  the  Scramaccelerator  started  and  the 
projectile  exhibited  acceleration  in  the  Scramaccelerator  tube. 

In  shots  15  through  17  excessive  damage  to  the  projectile  prevented  the  Scramaccelerator  process 
from  starting.  This  damage  was  attributed  to  very  high  launch  loads  in  the  light  gas  gun  which 
were  likely  the  result  of  excessive  piston  distortion  in  the  AR  section  (secondary  breech).  The 
light  gas  gun  parameters  were  varied  for  shot  18  to  produce  a  softer  launch  for  the  same  muzzle 
velocity.  This  required  more  hydrogen  in  the  pump  tube  and  a  higher  LGG  muzzle  pressure 
possibly  affecting  the  sabot  separation  process.  Shot  Its  performed  much  like  shots  13  and  14. 

convjlusions  and  discussion 

Experimentally,  the  Scramaccelerator  tests  proved  to  be  challenging.  Even  though  the  range  has 
a  great  deal  of  flexiliility  designed  into  it,  constrictions  limited  some  tests  configurations.  The 
joints  between  barrels  had  to  be  located  in  specific  locations  throughout  the  tankage  to  allow  for 
access.  Instrumentation  port  locations  were  restricted  due  to  limited  access.  Options  to  place 
parts  of  the  gun  under  vacuum  while  other  parts  were  jdaced  under  pressure  were  limited  by 
the  range  configuration.  These  limitations  could  not  have  l)een  identified  prior  to  beginning  the 
experimental  program  because  the  technical  difficulties  of  accomplishing  a  start  condition  under 
supersonic  conditions  could  not  be  fully  identified.  Barrel  modifications  and  changes  in  the  barrel 
configurations  had  to  be  made  as  more  was  learned  about  the  process.  The  difficulty  of  obtaining 
a  start  condition  affected  other  factors  involved  in  the  testing  also.  The  selection  and  installation 
procedure  of  pressure  transducers  were  driven  by  the  aliilily  to  survive  the  high  pressures,  shock 
and  mechanical  vibrations  present  during  combustion  in  the  Scramacclerator  barrels.  A  lack 
of  a  start  condition  also  meant  that  combustion  occurred  in  front  of  the  projectile,  creating  a 
blast  condition.  This  blast  preceded  the  projectile  during  free  flight,  causing  problems  for  some 
triggering  systems  for  the  flash  X-rays.  The  blast  obscured  the  optical  image  of  the  projectile  in 
streak  camera  photography. 

The  Oblique  Detonation  Wave  Scramaccelerator  system  was  demonstrated  to  start  and  provide 
positive  acceleration  in  the  3  to  3.2  km/sec  range.  A  d»'tailed  understanding  of  the  starting  pro¬ 
cess  was  developed.  Substantial  progress  was  made  in  the  instrumentation  area  for  this  type  of 
effort.  Subsequent  tests  should  concentrate  on  mapping  out  the  performance  envelope  of  Scra¬ 
maccelerator  systems  as  a  function  of  the  wide  multi-variate  parameter  space. 
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IMPACT  MODELING  WITH  SMOOTH  PARTICLE  HYDRODYNAMICS 

R.  F.  STELLINGWERF  and  C.  A.  WINGATE 
Los  Alamos  National  Laboratory,  MS  F645,  Los  Alamos,  NM  87545 


ABSTRACT 

Smooth  Panicle  Hydrodynamics  (SPH)  is  a  new  computational  technique  well  suited  to  computation  of 
hypervelocity  impact  phenomena.  This  paper  reviews  the  characteristics,  philosophy,  and  a  bit  of  the  der¬ 
ivation  of  the  method.  As  illustrations  of  the  technique,  several  test  case  computations  and  several  appli¬ 
cation  compuiaiions  are  shown. 


PmLOSOPHY  OF  SPH 

SPH  is  a  gridless  Lagrangian  hydrodynamic  computational  technique.  With  scrnie  care,  it  can  be  written  in 
a  fully  conservative  form.  The  form  of  the  SPH  equations  is  extremely  simple,  even  in  3  dimensions. 
These  characteristics,  together  with  the  physical  “feeling”  for  the  problem  that  is  embodied  in  a  fully 
Lagrangian  code  makes  SPH  an  attractive  approach  for  p-oblems  with  complicated  geometry,  large  void 
areas,  fracture,  or  chaotic  flow  fields. 

SPH  was  first  derived  by  Lucy  (1977)  as  a  Monte-Carlo  approach  to  solving  the  hydrodynamic  time  evo¬ 
lution  equations.  Subsequently,  Monaghan  and  co-workers  (Monaghan  1982,  1985,  1988,  Gingold  and 
Monaghan  1977,  1982)  reformulated  the  derivation  in  terms  of  an  interpolation  theOTy,  which  was  shown 
to  better  estimate  the  error  scaling  of  the  technique.  According  to  the  interpolation  derivation,  each  SPH 
“particle”  represents  a  mathematical  interpolation  point  at  which  the  fluid  properties  are  known.  The  com¬ 
plete  solution  is  obtained  at  all  points  in  space  by  application  of  an  interpolation  function.  This  function  is 
required  to  be  continuous  and  differentiable.  Gradients  that  appear  in  the  flow  equations  are  obtained  via 
analytic  differentiation  of  the  smooth,  interpolated  functions.  Monaghan  showed  that  other  well  known 
techniques,  such  as  PIC,  finite  element,  and  finite  volume  methods  could  also  be  derived  in  this  way 
through  appropriate  choice  of  interpolation  technique.  SPH  is  distinguished  by  the  simplicity  of  its  ap¬ 
proach:  interpolation  is  done  by  summing  over  “kernels”  associated  with  each  particle.  Each  kernel  is  a 
spherically  symmetric  function  centered  at  the  particle  location  and  generally  resembling  a  Gaussian  in 
shape.  The  order  of  accuracy  of  the  interpolation  (and  thus  of  the  difference  equations)  is  determined  by 
the  smoothness  of  the  kernel.  The  kernel  is  required  to  approach  a  delta  function  in  the  limit  of  small  ex¬ 
tent.  The  interpolation  is  accomplished  by  summing  each  equation  or  variable  at  any  location  over  nearby 
known  values  at  particle  locations,  each  weighted  by  its  own  kernel  weighting  function.  Each  kernel  func¬ 
tion  is  required  to  integrate  over  all  space  to  exactly  unity,  thus  normalizing  the  interpolation  sums.  By 
appropriately  modifying  the  normalization  condition,  the  same  code  can  easily  switch  between  ID,  2D, 
3D,  spherical  or  cylindrical  geometric  configurations.  This  feature  allows  code  development  in  ID  or  2D, 
with  confidence  that  the  same  coding  will  work  for  all  cases  if  implemented  carefully. 


707 


708 


R  F.  SuuiNGWFki-  and  C.  A.  Wingaif 


There  are  two  SPH  codes  currently  under  development  at  Los  Alamos  National  Laboratory  (LANL).  The 
first  is  SPHC,  which  was  originally  written  by  Stellingwerf.  SPHC  is  a  research  tool  written  in  C  that  runs 
on  a  variety  of  platforms.  The  second  code  is  SPHINX,  which  is  a  fully  vectorized  CRAY  version  with  a 
more  convenient  user  interface  and  an  integrated  X- Windows  graphic  runtime  display.  SPHINX  will  be 
the  production  code  used  for  high  resolution  2D  and  3D  modeling.  SPHINX  is  currently  being  developed 
by  Wingate  at  LANL.  The  code  description  and  applications  discussed  below  were  all  run  on  SPHC,  but 
the  coding  and  results  from  SPHINX  are  similar.  See  the  paper  by  Wingate  et  al.  in  this  symposium  for 
further  code  details. 

Applications  that  have  been  tested  on  these  codes  include  blast  wave  stability,  laser-plasma  interaction, 
Rayleigh-Taylor  instability,  strong  shocks,  and  hypervelocity  impact.  In  the  following  sections  we  briefly 
discuss  the  equations  solved  in  SPH,  and  show  several  hypervelocity  test  cases. 


FLUID  EQUATIONS 

SPHC  solves  the  general  fluid  dynamics  equations.  The  first  of  these  is  the  continuity  equation 

^  +  P^y“  =  o  (1) 

where  p  is  the  material  density  and  U  is  the  material  velocity.  We  use  Greek  superscripts  to  indicate  co¬ 
ordinate  directions  with  implied  summation  on  repeated  indices.  Roman  subscripts  will  be  used  to  label 
particles.  Summation  is  not  implied  on  repeated  subscripts  (the  summation  sign  must  appear  directly). 

Ibe  second  equation  is  the  momentum  equation 


dt  ~ 


(2) 


where  is  the  stress  tensor.  This  is  divided  into  an  isotropic  part  which  is  the  pressure  P  and  a  trace¬ 
less  deviatoric  stress  tensor  o  ^  and  is  given  by: 


(3) 


The  final  equation  is  the  energy  equation; 

de  1  aB  .aB 

—  =  -a  e 
dt  p 

where  e  is  the  specific  internal  energy  and  £  is  the  strain  rate  tensor  given  by 


(4) 


Using  the  definition  of  the  stress  tensor  (equation  3)  and  that  the  trace  of  the  strain  rate  tensor  is  the  diver¬ 
gence  of  the  veUteity,  the  energy  equation  can  be  rewritten  (in  perhaps  the  more  familiar  form)  as: 


de 

Jt 


P 


(6) 
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Tlie  procedure  for  converting  the  analytic  equations  into  interpolated  SPH  equations  is  described  in  many 
places,  for  example  see  Monaghan  (1988)  or  Benz  (1989).  Here  we  list  the  results.  The  continuity  equa¬ 
tion  is  usually  solved  in  integra'  form  as: 


P,=  Z"'>'^v  w 

j 

where  nij  is  the  mass  of  particle  j  and  W-j  is  the  smoothing  kernel.  The  kernel  could  be  written  as 
Wjj  ( 1  r,  -  rj ,  /i)  to  indicate  its  dependence  on  the  distance  between  particles  i  and  j  and  its  dependence 
on  the  smoothing  length  h.  For  simplicity,  however,  we  will  write  it  simply  as  W--.  The  smoothing  length 
is  a  measure  of  the  width  of  the  kernel,  and  may  vary  from  particle  to  particle.  The  kernel  in  SPHC  used 
in  these  calculations  is  a  cubic  B-spline  designated  as  W4  in  Gingold  and  Monaghan  (1982). 


The  momentum  equation  in  the  SPH  approximation  becomes: 


Ja/  ■ 


P.  P; 


(8) 


If  this  equation  is  multiplied  by  m,  we  see  that  the  time  derivative  of  the  momentum  is  exactly  symmetric 
in  i  and  j  thus  ensuring  exact  conservation  of  both  linear  and  angular  momentum. 


The  energy  equation  in  the  SPH  approximation  is: 


de^ 

dt 


(<s 


op 


^  p;  p; 


(9) 


Multiplying  this  equation  by  ntj,  summing  over  i,  and  using  equation  8,  we  can  prove  exact  energy  conser¬ 
vation  for  the  full  system  of  particles.  A  rearragement  of  terms  in  the  energy  sum  formed  from  equation 
(9)  produces  a  slightly  more  physical  and  more  stable  form  of  the  eneigy  equation,  which  is  the  fcam  used 
in  SPHC,  and  is  also  exact'y  conservative: 


de 

I 

ji 


I  pf  w  ■ 


(10) 


To  obtain  the  particle  approximation  for  the  strain  rate  tensor  we  follow  Libersky  and  Petschek  (1990)  to 
get 


P; 


„  „  dW-:  D  5  dW-i 


dx^ 


ELASTIC  PERFECTLY  PLASTIC  STRENGTH  MODEL 


(11) 


The  strength  model  installed  in  SPHC  is  a  basic  Hooke’s  law  model  where  the  stress  deviator  rate  is  pro¬ 
portional  to  the  strain  rate.  This  type  of  model  was  first  used  in  a  smooth  particle  hydrodynamic  code  by 
Libersky  and  Petschek  (1990).  The  elastic  constitutive  equation  which  relates  the  deviatoric  stress  rate  to 
the  strain  rate  can  be  found  in  various  places,  and  is  given  by 

is“^  =  +S“V''+S%“^  (12) 

dt  3 

where  ft  is  the  shear  modulus,  and  R  is  the  rotation  rate  tensor  defined  by 
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The  SPH  approximation  to  the  rotation  rate  tensor  is  identical  to  the  SPH  ^proximation  fra'  the  strain  rate 
tensor  with  the  plus  sign  is  replaced  by  a  minus  sign 


Pj 


(14) 


The  von  Mises  yield  criterion  is  used  for  plastic  flow.  This  criterion  limits  the  deviatoric  stress  in  the  fol¬ 
lowing  way.  Define  a  quantity  /  by 


/ 


min 


37 


1/2 

i  .1 


(15) 


where  Tq  is  the  yield  stress  and  J  is  the  second  invariant  of  the  deviatraic  stress  tensor 

J  = 


The  deviatoric  stress  tensor  is  then  limited  by 


B 


(16) 


(17) 


PHYSICS  AND  MATERIAL  PROPERTIES 

Installation  and  testing  of  material  property  routines  and  data  bases  is  currently  one  of  the  primary  areas 
of  code  development  for  the  SPH  codes.  Current  models  use  a  Griineisen  equation  of  state  with  a  custom 
temperature/energy  relation  incorporating  solid/liquid/vaporAion  phases.  In  addition,  the  codes  can  access 
the  LANL  SESAME  material  property  library  for  all  available  materials.  Additional  equation  of  state  op¬ 
tions  are  planned. 

Strength  models  currently  implemented  are:  elastic-perfectly  plastic,  Johnson-Cook,  and  Steinbeig- 
Guinan.  Each  model  accesses  its  own  data  base  of  material  properties.  Fracture  models  are  discussed  in 
the  following  section. 

Other  physics  installed  in  the  SPHC  code  includes  thermal  diffusion,  radiation  diffusion,  laser  deposition, 
laser  ablation,  ideal  magnetohydrodynamics,  and  neutron  production.  These  capabilities  are  not  used  in 
the  impact  tests  discussed  below. 

Numerical  techniques  in  the  SPHC  code  include  variable  smoothing  length  and  particle  division  to  model 
low  density  regions,  arbitrary  dimensionality  and  geometry,  ghost  particle  boundary  conditions,  and  inter¬ 
active  run-time  graphics  (Stellingwerf,  1990). 


FRACTURE  AND  FRAGMENTATION  MODELS 

The  treatment  of  fracture  and  fragmentation  in  a  hydrocode  continues  to  be  a  challenge.  We  distinguish 
here  between  the  two  concepts  on  a  purely  numerical  level: 

A  fracture  model  refers  to  the  way  that  an  object  “comes  apart”  during  a  numerical  computation.  It  may 
involve  generating  new  void  regions,  inserting  new  interfaces,  or  other  procedures  depending  on  the  code 
characteristics.  These  new  voids  may  or  may  not  be  capable  of  rejoining  later  in  the  calculation.  The  cri¬ 
teria  for  fracture  may  depend  on  stress  level,  stress  history,  strain  level,  strain  rate,  etc. 
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In  SPH  there  is  no  need  to  artificially  insert  void  regions,  since  the  physical  process  of  stretching  a  solid 
object  will  naturally  produce  cracks,  spall,  and  other  void  regions  in  the  course  of  the  computation.  Mate¬ 
rial  properties  that  affect  this  process  are  1)  the  yield  condition  for  plastic  flow,  2)  a  specified  “spall 
strength”  for  each  material  that  acts  as  a  limit  to  the  tensile  stress  that  a  material  can  support,  and  3)  a 
specified  maximum  “void  fraction”  that  the  material  can  support  prior  to  failure.  The  exact  functional 
form  of  each  of  these  criteria  depends  on  the  strength  model  and  the  implementation  of  the  fracture  mod¬ 
el.  The  simplest  and  most  promising  approach  in  SPH  is  simply  to  set  the  yield  stress  and  the  spall 
strength  criteria  according  to  an  appropriate  model  for  the  material  and  allow  the  object  to  respond  natu¬ 
rally  to  the  body  stresses  at  each  point.  The  degree  of  brittleness  or  ductility  of  the  material  can  be  varied 
via  the  recipe  for  the  variable  smoothing  length  (less  allowed  variation  implies  more  brittle  material),  or 
by  decreasing  the  tensile  forces  at  some  level  of  void  fraction,  as  measured  by  the  local  density  (smaller 
allowed  void  fraction  implies  more  brittle  material).  The  preferred  model  is  likely  to  be  different  for  dif¬ 
ferent  materials.  Tests  of  these  ideas  are  currently  in  progress  and  will  be  presented  in  future  publications. 

In  contrast  to  the  numerical  treatment  of  fracture,  a  fragmentation  model  is  a  phenomenological  model  of 
the  characteristics  of  the  debris  formed  from  a  certain  type  of  impact.  The  approach  of  Grady  and  Kipp 
(1987)  is  an  example  of  this  type  of  model.  A  fragmentation  model  can  predict  the  degree  of  damage  at 
each  point  in  an  object  for  use  by  a  fracture  model,  and  predict  the  distribution  of  masses,  shapes,  etc.  of 
debris  fragments  over  a  much  wider  range  than  the  hydrocode  alone.  Such  a  model  has  been  tested  in  SPH 
by  Benz  and  Melosh  (1992)  and  is  currently  implemented  in  the  LANL  SPH  codes. 


BASIC  CODE  TESTS 

The  SPH  technique  has  been  validated  for  a  variety  of  simple  test  cases  including  rarefaction  expansion, 
spherical  blast  wave,  shock  tube,  and  the  Noh  problem  (infinite  strength  converging  shock).  As  an  illus¬ 
tration  of  the  code  results  on  such  a  test,  we  show  in  figure  1  the  SPH  solution  for  a  Riemann  shock  tube 
with  an  initial  density  jump  of  a  factor  of  4  at  a  specific  time  for  three  different  cases  of  particle  resolu¬ 
tion.  An  artificial  viscosity  is  added  to  the  pressure  to  handle  the  shock,  resulting  in  the  shock  front  being 
spread  over  3-5  particles,  but  the  solution  is  very  close  to  the  plotted  analytic  result,  and  is  clearly  con¬ 
verging  as  the  resolution  is  inaeased. 

As  a  test  of  the  strength  models,  the  Taylor  Anvil  test  of  an  iron  rod  colliding  at  197  m/s  with  an  unyield¬ 
ing  surface  has  been  computed.  Figure  2  shows  the  results  with  the  simple  elastic-plastic  as  well  as  the 
more  detailed  Johnson-Cook  strength  models.  The  experimental  data  are  taken  from  Johnson  and  Holm- 
quist  (1988),  and  are  shown  as  an  outline  in  solid  lines.  Although  both  cases  represent  the  data  very  rea¬ 
sonably,  the  Johnson-Cook  model  docs  a  better  job  reproducing  the  spreading  at  the  surface  and  the  small 
shoulder  above  the  spreading  region.  Sections  of  rods  taken  following  experiments  show  incipient  frac¬ 
turing  and  smtill  void  regions  near  the  bottom  of  the  rods.  Although  the  simulation  is  lather  coarse  resolu¬ 
tion,  the  rearrangement  of  particles  near  the  surface/rod  interface  represents  this  effect. 
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Fig.  1.  Comparison  of  SPH  results  for  90,  180,  and  360  particles  to  the  exact 
analytic  solution  for  the  Riemann  shock  tube  test  case  with  y  =  1.4,  ini¬ 
tial  density  jump  =  factor  of  4 
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Fig.  2.  Taylor  anvil  tests;  final  configuration  of  an  Armco  Iron  rod  after  colli¬ 
sion  with  a  rigid  surface  at  197  m/s.  Left;  elastic-plastic  strength  mod/ 
el,  right;  Johnson-Cook  model.  Solid  line;  data 
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THIN  BUMPER  SHIELD  COLLISION  AT  6.75  KM/S 

This  section  describes  a  simulation  of  a  spherical  aluminum  projectile  with  radius  0.475  cm  colliding  with 
a  thin  aluminum  sheet  with  thickness  0.0381  cm  at  a  velocity  of  6.75  km/s.  This  test  is  similar  to  a  very 
well  documented  series  of  experiments  done  recently  by  Piekutowski  (1992a,b)  at  University  of  Dayton 
Research  Institute. 

This  simulation  was  run  using  SPHC  with  about  2500  particles  in  2D  cylindrical  mode.  The  EOS  is  Grii- 
neisen,  and  the  strength  model  is  elastic/plastic.  The  spall  strength  was  set  to  6  kbar.  Figure  3  shows  the 
inidal  conditions  as  well  as  the  material  configuration  at  5  and  10  jts.  This  is  a  particle  plot,  which  indi¬ 
cates  the  location  of  the  material,  with  a  gray  scale  to  show  values  of  the  local  density.  We  see  that  the 
projectile  has  broken  into  many  fragments  with  a  conspicuous  spall  “bubble”  at  the  rear  surface,  and  nu¬ 
merous  cracks  along  the  direction  of  motion  that  have  developed  as  a  result  of  later  expansion  of  the  pro¬ 
jectile.  The  bulk  of  the  material  lies  in  a  flattened  disk,  with  what  appears  to  be  an  intact  core.  The  halo  of 
low  density  material  in  front  of  and  to  the  sides  of  the  fractured  projectile  is  liquid/v^)or  material  formed 
from  the  impacted  bumper  and  a  thin  shell  of  the  fffojectile.  All  of  these  features  are  consistent  with  ex¬ 
perimental  radiographs,  although  details,  such  as  the  structure  in  the  liquid/vapor  phases,  do  not  corre¬ 
spond  exactly.  We  expect  that  these  details  will  improve  with  the  planned  upgrading  of  the  equation  of 
state. 


X 

Fig.  3.  Snapshots  of  the  spherical  projectile/  bumper  collision  at  time  =  0,  5, 
and  10  fis. 

This  simulation  will  be  used  as  the  primary  test  of  the  fracture/fragmentation  scheme  as  the  codes  devel¬ 
op. 
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SHIELD  /  HULL  COLLISIONS  AT  10  KM/S. 

As  another  example  of  an  SPH  impact  application,  we  show  models  of  several  aluminum  disk  impact  ex¬ 
periments  carried  out  at  Sandia  by  Chhabildas,  et  al.  (1991). 

The  first  model  is  of  the  experiment  designated  WS-12,  or  NASA-12.  The  initial  setup  for  the  run  is 
shown  in  figure  4  (left).  The  model  was  run  with  10,000  particles  in  2D  cylindrical  geometry  with  SPHC. 
The  EOS  is  Griineisen,  and  the  strength  model  is  elastic/plastic.  The  spall  strength  was  set  to  6  kbar.  The 
projectile  is  a  disk  of  radius  0.95  cm,  thickness  0.0868  cm,  and  velocity  10.0  km/s.  The  shield  is  a  plate  of 
thickness  0.127  cm.  Both  projectile  and  shield  are  made  of  6061-T6  aluminum.  The  “hull”  or  witness 
plate  was  placed  11.43  cm  beyond  the  shield,  has  thickness  0.32  cm,  and  was  made  of  2219-T87  alumi¬ 
num.  On  the  right  of  figure  4  we  show  the  material  configuration  at  16  ps,  just  as  the  debris  reaches  the 
hull  plate.  In  this  case  the  entire  cloud  of  debris  is  liquid  at  the  vaporization  temperature,  indicating  a 
mixed  phase  region.  A  dense  column  extends  downward  from  the  shield  to  the  hull  with  nearly  constant 
density  of  about  0. 1  g/cc  and  a  linear  velocity  profile.  This  column  is  about  1/2  fffojectile  material  and  1/2 
shield  material,  as  expected.  The  central  core  is  surrounded  by  a  halo  of  lower  density  material,  extending 
to  a  shell  of  extruded  shield  at  the  outer  edge.  The  maximum  velocity  of  the  debris  is  found  to  be  nearly 
equal  to  the  impact  velocity  of  10. 1  km/s.  This  result  agrees  very  well  with  UDRI  experiments  (Schmidt, 
et  al.  1992,  fig.  13a).  A  low  density  shell  of  material  travelling  at  14  km/s  was  observed  in  the  Sandia  ex¬ 
periment,  but  does  not  appear  in  this  simulation. 


X  X 


Fig.  4.  Ijjft:  initial  configuration  for  the  simulation  of  WS-12.  Right;  configu¬ 
ration  at  secondary  impact  at  16  ps. 

Figure  5  shows  a  details  of  the  hull  at  16  and  28  ps.  At  16  ps  the  impacting  liquid  material  has  fully  va¬ 
porized,  a  liquid  layer  has  formed  at  the  surface  of  the  hull  material,  and  strong  hydrodynamic  instability 
has  developed  at  the  interface.  At  28  ps  the  hull  is  fully  ruptured  and  hot  vapor  has  begun  to  flow  to  the 
rear  of  the  impact  point.  The  times  of  hull  deformation  and  rupture  agree  well  with  experiment,  and  both 
show  a  hole  diameter  of  about  2  cm. 
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Fig.  5.  Detail  of  the  hull  showing  development  of  the  hole  and  surface  insta¬ 
bilities.  Left:  at  16  ps,  right:  at  28  ps.  Note  change  of  scale. 

Another  experiment,  designated  WS-1 1,  or  NASA-1 1,  was  also  modeled.  This  experiment  was  similar  to 
WS-12  except  that  the  projectile  radius  was  0.60  cm,  thickness  0.0953,  and  velocity  10.5  km/s.  This  im¬ 
plies  about  half  the  mass  of  WS-12.  Shot  WS-1 1  did  not  penetrate  the  hull,  although  some  hull  damage 
was  observed.  A  model  similar  to  the  above  WS-12  simulation  was  run  with  WS-11  parameters,  and  pro¬ 
duced  a  ruptured  hull  similar  to  that  observed  in  figure  5.  Chhabildas,  et  al.  comment  that  the  projectile 
may  have  been  distorted  in  some  or  all  of  the  experimental  shots,  and  this  may  have  been  the  case  for  shot 
WS- 1 1 .  The  model  was  therefore  re-run  with  a  slightly  “cupped”  projectile,  achieved  by  replacing  the 
disk  with  a  shallow  cone  with  slope  0.25.  Figure  6  shows  the  configuration  for  this  simulation,  again  at  16 
ps.  In  this  case  the  hull  has  not  ruptured,  since  the  debris  is  considerably  dispersed  at  its  leading  edge.  The 
exact  symmetry  of  the  simulation,  however,  has  formed  virtually  all  of  the  projectile  material  into  an  ar¬ 
row  of  dense  material  that  is  arrayed  along  the  axis  of  the  simulation,  and  does  produce  a  small  hole  in  the 
hull  at  later  time.  Asymmetries  present  in  the  experiment  iwobably  break  up  this  “aTow”,  resulting  in  the 
several  scattered  damaged  regions  actually  observed.  A  3-dimensional  simulation  of  this  case  is  planned 
to  test  this  hypothesis.  The  SPH  results  shown  here  are  in  general  agreement  with  the  CTH  code  results 
shown  in  Qihabildas  et  al.  (1991). 
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Fig.  6.  The  WS-1 1  simulation  at  16  ^ts,  showing  intact  hull  and  projectile  “ar¬ 
row”. 


OBLIQUE  IMPACTS 

The  calculations  of  a  sphere  obliquely  impacting  a  bumper  modeled  a  NASA  impact  experiment  similar 
to  EHIC  (Schonberg.  ct  al.  1988).  The  sphere  was  made  of  1100  Aluminum  with  a  radius  of  0.476  cm,  a 
velocity  of  7.0  km/s  and  a  60  degree  angle  from  the  normal.  The  bumper  was  6061-T6  Aluminum  with  a 
thickness  of  0.16  cm.  The  calculation  was  done  in  3  dimensions  using  60,000  particles.  The  equation  of 
state  used  was  Griineisen.  The  strength  model  was  elastic  perfectly  plastic  with  a  shear  modulus  of  265 
kbar  and  a  yield  strength  of  0.345  kbar  for  the  1 100  Al  and  2.75  kbar  for  the  6061-T6  Al.  The  configura¬ 
tion  after  20  microseconds  is  shown  in  Figure  4,  side  projection.  Some  projectile  material  scraped  from 
the  top  of  the  projectile  upon  impact  has  slid  along  the  plate  and  continued  to  the  left,  followed  by  ejected 
target  material  above  the  plane  of  impact.  The  long  feature  so  formed  is  travelling  ballistically  to  the  left  - 
there  is  no  boundary  beyond  that  shown  in  the  figure.  Below  the  plane,  the  projectile  material  is  located  at 
the  left  edge  of  the  debris  cloud,  while  target  material  forms  the  bulk  of  the  rest  of  the  cloud.  This  config¬ 
uration  is  matched  almost  identically  in  unpublished  experimental  results  obtained  by  Piekutowski  at 
UDRl  (experiment  4-1439). 
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Fig.  7.  Oblique  impact  model,  projectile  is  a  sphere  entering  at  an  angle  of  60 
degrees  from  the  normal  moving  from  top  right  to  bottom  left.  See  text 
for  details. 


SUMMARY. 

ITie  technique  of  Smooth  Particle  Hydrodynamics  shows  considerable  promise  for  simulations  of  hyper¬ 
velocity  impacts.  Of  special  interest  is  its  ability  to  fwoduce  and  track  debris  fragments,  allowing  compu¬ 
tation  of  secondary  impacts  over  unlimited  distances. 

The  SPH  codes  at  l  .ANI.  are  currently  undergoing  tests  on  a  variety  of  applications,  and  are  in  the  devel¬ 
opmental  stage  of  code  and  material  properties  upgrades.  The  results  so  far  are  encouraging,  and  further 
improvements  should  produce  a  useful  and  unique  tool 
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ABSTRACT 

Cratering  experiments  performed  under  carefully  controlled  conditions  at  impact  velocities  ranging  from  3 
km/s  to  30  km/s  into  a  wide  variety  of  target  materials  are  fffesented.  These  impact  experiments  use  the  6 
MV  vertical  Van  de  Graaff  accelerator  of  the  Ion  Beam  Facility  at  the  Los  Alamos  National  Laboratory  to 
electrostatically  accelerate  highly  charged  iron  micro-spheres.  The  sub-micron  spheres,  from  a  random 
size  distribution,  are  shocklessly  accelerated  along  an  8  m  flight  path.  Ultra-sensitive  charge  detectors 
monitor  the  passage  of  the  projectiles  at  a  rate  of  up  to  100  projectiles/second.  An  online  computer 
records  and  displays  in  real  time  the  charge,  velocity  and  mass  of  the  projectiles  and  provides  cross 
correlation  between  the  events  observed  by  the  sever^  in-flight  charge  detectors  and  impact  detectors. 
Real-time  logic  controls  an  ele<  ‘rostatic  kicker  which  deflects  projectiles  of  selected  charge  and  velocity 
onto  the  target.  Thus  each  experiment  consists  of  an  ensemble  of  10  to  40  impacts  onto  a  .single  target 
within  a  narrow  window  of  the  projectile  parameter  space,  providing  excellent  statistical  resolution  of 
each  data  point. 

The  target  materials  used  include  single  crystal  copper  and  single  crystal  aluminum,  gold,  and  quartz 
as  well  as  pyrolytic  graphic  and  epoxy  used  in  composite  materials  of  interest  to  space  applications.  We 
also  conducted  impact  experiments  onto  thin  Mylar  and  nickel  foils.  This  paper  presents  the.se 
experiments  and  summarizes  the  cratering  characterization  performed  to  date.  Emphasis  is  placed  on 
cratering  results  in  several  materials  over  a  range  of  impact  velocities. 


INTRODUCTION 

The  work  presented  here  has  been  funded  in  .support  of  space  applications  for  which  the  physics  of  impact 
under  exceedingly  high  closing  vckKitics  constrain  the  technical  development  of  space  systems.  In  Uie.se 
cases,  where  the  upper  velocity  range  of  intcrc.st  is  not  accessible  with  existing  macroscopic  ballistic 
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ranges,  we  have  used  microscopic  projectiles  accelerated  electrostatically  to  explore  this  ultra-high 
veIcKily  region  of  impact  phenomenology.  We  have  employed  Van  de  Graaff  accelerator  technology 
(Keaton,  1990,  Stradling  1990,  Idzorek,  1990)  developed  under  the  space  program  (Friichtenicht,  1962, 
1962,  Lewis,  1970)  to  accelerate  spherical  iron  projectiles,  which  though  microscopic,  are  bodies 
consisting  of  millions  of  atoms  and  so  are  relevjint  to  continuum  impact  experiments.  The  Hypervelocity 
Microparticle  Impact  (llMl)  project  has  had  the  objective  of  obtaining  quantitative  cratering  data  over  a 
sp;ui  of  vckK'itics  and  in  materials  relevant  to  space  applications. 

As  part  of  the  task,  we  have  neccsstirily  needed  to  address  the  relevance  of  microscopic  experiments  to 
macroscopic  impacts.  In  so  doing,  we  extunined  a  number  of  potential  proces.ses  which  might  interfere 
with  size  scaling  between  micro  and  macro  .siz,e  impacts.  These  processes  may  depend  on  the  size, 
temperature,  or  shtKk  front  thickness  of  the  impact  at  the  micro-scales  of  the  HMI  experiments. 
I  lowever,  only  two  of  these  appear  to  alfect  die  scaling. 

The  first  obstacle  to  size  .scaling  is  uuget  inhomogencities  of  the  same  scale  as  the  crater  size.  Target 
materials  with  inhomogeneities  of  diis  .scale  were  avoided  where  possible.  Targets  were  prepared  to  be 
homogeneous  and  without  bulk  or  surface  non-uniformities  on  the  .scale  of  the  impact  craters.  Special 
single  crystal  copper  and  aluminum  i.u’gets  were  ased  to  avoid  effects  of  pre-existent  crystal  domtiin 
boundaries.  Target  surfaces  were  lapped  and  chemically  etched  to  avoid  a  depth  dependent  strength 
variation  from  surface  work  hardening  which  might  rc.su)t  from  mechanical  finishing  proces.ses  like 
diamond  turning. 

A  second,  more  subtle,  priKCss  appears  to  modify  simple  size  .scaling  from  macro  to  micro  impacts. 
This  is  the  increase  of  material  strength  at  the  very  high  strain  rates  which  arc  characteristic  of  very  small 
impacts.  The  analysis  of  this  effect  is  pre.scnted  in  a  companion  paper  (WaLsh,  1992). 

The  existence  of  cratering  data  over  the  range  of  impact  velocities  and  cratering  strain  rates  pre.sented 
here  has  proved  to  be  a  stimulus  to  the  further  development  of  impact  models,  material  strength  models 
and  hydrtxlynamic  code  treatmettts  of  impact  procc.s.ses.  In  particular,  there  is  work  pre.sented  in  these 
proceedings  where  the  llMl  data  is  iiKxlcled  u.sing  the  hydrtxlynamics  codes;  SPll,  MESA,  EPIC  and 
CALE  (Wingate,  1992). 


DESCRIPTION  01-  I-:XPI:RIMI-:N  T  CONinCilIRATION 

The  hyper-vekKity  microparticle  itnpact  experiments  discu.s.sed  here  are  a  refinement  of  the  experiments 
pre.sented  at  the  1989  HVIS  by  Keaton,  1990..  Particular  emphasis  has  been  placed  on  insuring  that  die 
projectiles  which  impact  the  target  tu-e  of  known  mass  and  vekKity.  All  of  the  impacts  discussed  here  are 
made  at  nonnal  incidence  to  the  target  surface.  All  arc  made  in  a  vacuum  of  approximately  10*”  lorr.  In 
all  ca.scs  the  impacting  projectile  was  iron,  obtained  from  a  carbonyl  iron  powder  (Japka,  1988)  of 
spherically  .shaped,  solid  iron  particles  of  random  size  as  .shown  in  Fig.  1. 

The  particles  are  charged  by  passitig  them  across  the  ptiint  of  a  high  voltage  tungsten  needle,  where  a 
high  field  strips  electrons  out  of  the  conductive  .sphere.  The  positively  charged  spheres  are  then  injected 
into  the  acceleration  tube  of  a  6  MV  Van  tic  Gratiff  accelerator,  where  they  are  shocklessly  accelerated 
along  an  8  m  path  to  their  final  velocities.  Particles  coming  into  the  accelerator  are  random  in  .size,  with 
diameters  ranging  between  a  miertm  and  10  nanometers  as  .shown  in  Fig.  1.  The  final  vekx;ities  of  die 
projectiles  are  determined  by  the  acceleration  voltage  and  by  the  charge  and  the  mass  of  the  projectile, 
lx)lh  of  which  latter  parameters  v;iry  with  Utc  projectile  radius  as  detailed  in  Keaton,  1990.  The  smaller 
projectiles  can  be  accelerated  to  much  higher  vckx.'idcs  than  the  larger  projectiles. 

As  the  projectile  stream  exits  the  acceleration  region  of  the  accelerator,  it  drifts  through  a  redundant 
.set  of  shielded  cylindrical,  highly  sensitive  charge  detectors. 


Projectile  Selection  for  Mass  ami  Velocity 

In  the  previous  experiments,  mass  ;ttid  velocity  .selection  was  attempted  by  first  deflecting  the  projectile 
stream  away  from  the  uu-get  location  by  passing  die  stream  through  a  pair  of  high-voltage  deflection 
plates  which  served  as  a  "kicker.”  When  :i  projectile  of  interest  was  identified  to  have  the  desired 
combination  of  mass  and  vekKity,  the  dellection  plates  would  be  quickly  shorted  to  ground  potential, 
letting  the  projectile  pass  dirough  to  the  target.  The  mass  of  the  projectile  is  inferred  from  the  charge 
measured  by  die  charge  detectors. 

While  simple  to  execute  and  align,  this  technique  relied  on  the  deflecdon  system  being  able  to  deflect 
all  unwanted  particles  from  the  l;u-get.  In  practice  it  did  not  discriminate  effectively  against  all  projectiles 
coming  dirough  the  system,  incimling  uncharged  particles  and  .scattered  debris  from  collisions  with  walls 
and  baffles.  To  eliminate  the  uncertaitity  in  which  particles  were  allowed  onto  the  targets  for  the  present 
impact  experiments,  we  mtxJified  the  selection  apparatus  from  that  reported  in  Keaton,  1990. 

The  current  projectile  .selection  technique  places  the  target  in  a  kKation  offset  from  the  beam  path  by 
1  cm  and  then  deliects  .selected  projectiles  onto  the  target.  The  “kicking”  pulse  on  the  deflection  plates 
can  be  quite  short,  insuring  diat  the  projectiles  of  interest  may  be  deflected  without  also  affecting  much 


slower  projectiles,  which  take  loitiier  times  to  transit  the  ilet lection  portion  ol  the  rlrilt  tube.  Ihiwanteil 
projectiles  diili  into  a  beam  stop  w  ithout  tictive  inicrierence  liom  llie  "kicker." 


I'ig.  1.  Iinpticling  projectiles  ;irc  iron,  obtained  from  :t  ciu'bonyl  iron 

powder  of  splterictilly  shaped,  solid  iron  particles  of  random  si/e 

I'lie  elfecliveness  of  this  .selectioit  technique  is  evalu:tled  by  iillowinj!  an  ensemble  ol  projectiles  ol  a 
given  charge  and  velocity  to  collect  on  ;i  single  ttirgct  disk  and  by  examining  the  spread  in  the  ditimeter  ol 
die  craters  which  ;ire  formed.  We  have  found  that  the  d;ita  ensembles  collected  in  this  manner  have  very 
little  spread  in  the  cniter  si/e.  With  this  evidence  of  positive  iliscrimintition.  we  can  coitlidently  assign 
projectile  velocities  and  masses  to  the  craters  fonned  tin  the  targets. 


Calculated  Particle  Trajectories 

To  accelerate  and  control  particles  that  are  massive  by  Van  de  (  iniafl  accelerator  staiulards  without  riskiiig 
.severe  damage  to  the  accelerating  structure,  it  was  necessary  tti  calculate  die  behavior  ol  die  particles  in 
die  Van  De  (Iraalf  accelerator  aiul  associated  systems.  Ilie  Van  de  Cinuifl  system  consisted  ol  a  series  of 
electrostatic  and  magnetic  dcllectors  and  lenses  with  beam  profiling  .sensors  interspersed  between  them, 
llie  Van  de  (Inuiff  operator  tunes  the  beam  by  atljusting  the  ilellectors  and  lenses  and  then  observing  the 
beam  image  on  the  sensors.  While  the  iron  particles  were  more  highly  charged  than  the  ions  noniially 
u.sed,  there  were  many  fewer  particles  than  ions  resulting  in  integrated  beam  eurrents  below  the  detection 
threshold  of  the  beam  profiling  sensor.s,  reiulering  the  sen.sors  useless  lor  our  experiments.  A  quick 
calculation  also  showed  that  the  magnetic  systems  were  ineffective  with  iron  particles  due  to  the 
extremely  pxHir  charge  to  nniss  ratio  of  the  particles  which  required  magnetic  held  strengths  beyond  the 
capability  of  the  system,  fortunately  a  purely  electrostatic  system  can  accelerate  and  Ukus  particles 
independent  of  the  charge,  mass,  or  velocity  of  the  particles.  By  using  the  electrostatic  beam  optics  ctnle 
OP'fK'  II  we  were  able  to  calculate  the  trajectories  ol  the  iron  particles  aiul  set  the  electrostatic  lens 
potentials  before  accelerating  particles,  niis  avoided  the  possibility  of  high  veltKiiy  particles  striking  and 
damaging  the  Van  de  (inuiff  accelerator  beam  tube  electrodes.  I'he  trajectory  calculations  allowed  the 
optimal  placement  of  collimating  slits  and  shiekis  to  insure  only  the  well-behaved  partieles  (i.e.  not 
debris)  reaehed  the  target. 
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SELECTION  OF  MAI  ERI ALS  AND  VELOCITY  RANGE 

The  objective  of  this  series  of  HMl  impact  experiments  was  to  obtain  crater  size  data  from  a  range  of 
impact  velcKities,  from  3  km/s  to  30  km/s,  in  a  variety  of  materials  relevant  to  the  evaluation  of 
computational  deformation  models  and  codes  as  well  as  materials  relevant  to  applications  in  space.  Gold 
had  been  suggested  as  a  material  which  is  straight  forward  to  model  computationally  because  of  its 
malleability  and  inert  nature.  Although  gold  was  later  determined  to  not  be  as  ideal  for  computational 
modeling  as  initially  supposed,  we  did  complete  a  data  set  in  solid  gold  targets  which  were  micro 
machined  and  then  chemically  lapped  to  eliminate  work  hardening  of  the  impact  surface.  The  metals, 
copper  and  aluminum,  are  both  represented  in  a  wealth  of  impact  data  obtained  in  macroscopic  impacts  at 
velocities  up  to  6  km/s  at  conventional  btillislic  ranges.  Single-crystal  samples  of  both  of  these  common 
experimental  metals  were  impacted  over  a  wide  range  of  velocities.  We  chose  to  experiment  with  single 
crystals  of  metals  bccau.se  of  concents  tliat  small  scale  crystalline  structure  in  the  material  might  affect 
the  crater  size  reached  at  stagnation.  As  with  the  gold  targets,  the  impact  surfaces  were  diamond  turned 
and  chemically  lapped. 

Becau.se  of  the  importance  of  quartz  to  space  optics  and  windows,  we  impacted  quartz  samples.  These 
samples  were  prepared  with  annealed  surfaces.  Likewise,  we  examined  the  craters  resulting  from  impacts 
in  an  epoxy  formulation  used  in  coinptisiies  common  to  space  vehicles  as  well  as  pyrolytic  graphic 
crystals  us^  in  space  compt^sites.  Another  material  conunon  to  space  applications  which  we  impacted 
was  thin  Mylar  foil. 


Targets 

The  targets  were  in  general  disks  3/4"  and  1/2”  in  diameter  and  between  one  and  several  mm  thick 
(infinitely  thick  for  the  purposes  of  the  microparticle  impacLs).  The  thin  foil  targets  of  Mylar  and  nickel 
arc  the  only  exceptions.  The  targets  were  positioned  on  a  carousel  wheel  with  18  positions  in  a  small 
(12”  X  10”  X  8”)  vacuum  chamber  at  the  bottom  of  the  free  flight  path.  Targets  adjacent  to  the  beam 
focus  were  shielded  from  any  debris  or  suay  particles  from  above.  A  charge-collecting  Faraday  cup  (with 
an  axial  hole  for  the  projectiles  to  pass  through)  was  positioned  above  the  target  to  detect  impact  plasma 
for  impact  verification. 


EXPERIMENTAL  RESULTS 

Extensive  aater  data  were  collected  in  tltc  fonn  of  en.sembles  of  craters  created  within  a  narrow  projectile 
parameter  window  of  mass  and  velocity  'Ilie  velocity  was  generally  constrained  to  a  range  of  1/2  lon/s 
around  the  velocity  of  interest.  This  velocity  acceptance  region  was  expanded  to  1  km/s  in  cases  when  the 
projectile  fluence  in  the  parameter  window  of  interest  was  particularly  slow.  The  range  of  projectile  mass 
was  constrained  by  the  projectile  flux  and  by  the  time  required  to  obtain  a  satisfactoiy  ensemble  of 
impact.s,  generally  between  10  and  30  impacts.  Accumulation  times  for  a  given  parameter  .set  could 
extend  to  several  hours. 

Figure  2  shows  graphically  tlic  array  of  data  obtained  as  crater  ensembles  on  all  of  the  target 
materials.  A  subset  of  these  targets  was  examined  with  a  scanning  electron  microscope  (SEM)  and  crater 
diiuneters  were  determined.  Stereoscopic  data  was  recorded  in  the  form  of  a  pair  of  Polaroid  photographs 
taken  at  ±  4°  from  normal  for  each  target  examined  with  the  SEM.  Ideally  we  would  prefer  to  measure 
crater  volumes  by  determining  the  crater  depth  as  well  as  the  diameter.  Computer  mrxleling  of  these 
impacts  indicate  that  the  elongation  from  hcmi.sphericity  may  be  expected  in  these  target  materials 
(Wingate,  1992).  Funding  .shortfalls  liavc  prevented  us  from  measuring  the  craters  on  all  of  the  targets 
and  also  from  analyzing  the  sterco.scopic  ikiia  in  detail  to  determine  crater  depths. 

Detailed  data  of  the  projectile  size  and  vcUx'ily  distribution  are  obtained  with  each  experimental  run. 
These  data  are  u.scd  to  validate  tlie  measurements  and  are  archived  for  later  reference.  Table  1  is  a 
summary  of  the  data  obtained  to  date  from  tlte  IIMI  project. 

Qualitative  SEM  crater  images  me  shown  in  Fig.'s  3  through  10.  In  general  the  crater  shapes  are 
circular  with  a  lip  formed  alx)ve  tlie  edge  of  the  crater.  Copper,  gold  and  aluminum  crater  morphology 
was  typical  with  some  characteristics  unique  to  each  material.  The  lips  of  aluminum  are  much  finer  titan 
those  in  copper  and  gold  and  even  appem  transparent  to  the  electron  beam  used  in  the  SEM.  Chopper 
exhibits  a  uniform  texture  of  what  appear  to  be  micro-spallation  features  inside  the  craters.  Quartz  forms 
a  definite  melt  region  around  the  crater  in  the  middle  of  a  larger  spallation  zone  (Fig.  7). 

Exceptions  to  the  typical  crater  characteristics  were  seen.  One  example  of  non  circular  craters  is  in 
single  crystal  copper  samples  for  which  tlte  tmget  .surface  was  oriented  in  the  1 10  plane  of  the  single 
crystalline  sample.  In  this  case  the  material  su-ength  is  anisotropic  and  the  craters  formed  in  the  material 
are  elliptical  (Fig.  6).  Single  crystal  copper  .samples  oriented  in  the  symmetric  100  plane  form  circular 
cTaters  on  impact  (Fig.  5)  as  would  be  expected  from  the  .synunctry  of  the  strength  tensor. 


I  li\  uiktii  ciaicrmt;  siiivlios  ^  .^0  kni  s 


Table  1 .  A  compilation  of  ilie  crater  data.  The  data  is  tabulated  by  run  number 
and  ditte  with  uu'j’ct  material,  projectile  velocity  range,  projectile  mass 
range,  number  of  measured  impacts,  average  crater  diameter,  and  the 
sutndard  deviation  of  die  cniter  dijuneter  data. 


Velcx^ity 

Window 

Craters 

Avq  Dia 

Std  Dev 

Mass 

Std  Dev 

Mass 

ID 

km/s 

km/s 

Found 

um 

um 

femto  gm 

HilSH 

% 

Notes 

ALSO 

6.5 

1 

24 

2.84 

0.2 

2359.0 

251.0 

11% 

ALSO 

8.5 

1 

28 

2.19 

0.11 

671.0 

80.6 

12% 

ALSO 

11.0 

2 

13 

4.18 

0.11 

2952.0 

205.2 

7% 

1 

ALSO 

12.5 

1 

19 

2.90 

0.09 

1017.0 

79.0 

8% 

ALSO 

14.5 

1 

11 

2.53 

0.18 

557.0 

79.2 

14% 

ALSO 

16.5 

1 

40 

2.01 

0.18 

244.8 

52.0 

21% 

ALSO 

18.5 

1 

29 

2.48 

0.06 

276.0 

13.8 

5% 

ALSO 

20.5 

1 

33 

1.70 

0.12 

92.2 

15.7 

17% 

ALSC 

22.5 

1 

21 

1.77 

0.23 

99.9 

25.3 

25% 

ALSO 

24.5 

1 

11 

1.82 

0.18 

79.7 

19.8 

25% 

ALSC 

27.0 

2 

38 

1.86 

0.31 

57.7 

21.1 

36% 

ALSCD 

6.0 

1 

8 

2.94 

0.10 

2415.5 

253.6 

10% 

2 

ALSCD 

10.0 

1 

10 

1.74 

0.06 

230.7 

18.5 

8% 

2 

ALSCD 

12.0 

1 

5 

2.33 

0.12 

389.3 

28.7 

7% 

2 

ALSCD 

14.0 

1 

24 

2.06 

0.10 

289.5 

21.3 

7% 

2 

CUSC 

5.5 

1 

27 

2.58 

0.09 

1522.6 

105.8 

7% 

3 

CUSC 

7.5 

1 

22 

1.51 

0.09 

240.9 

13% 

3 

CUSC 

10.5 

1 

22 

2.02 

0.21 

350.5 

96.5 

28% 

3 

CUSC 

12.5 

1 

15 

3.98 

0.35 

1888.5 

447.0 

24% 

3 

CUSC 

14.5 

1 

8 

3.39 

0.16 

848.4 

114.5 

13% 

3 

CUSC 

16.5 

1 

26 

2.75 

0.09 

517.1 

23.2 

4% 

3 

CUSC 

18.5 

1 

22 

2.52 

0.12 

355.0 

22.1 

6% 

3 

CUSC 

20.5 

1 

24 

2.38 

0.13 

233.8 

42.8 

18% 

4 

CUSC 

22.5 

1 

25 

1.84 

0.05 

111.1 

7.7 

7% 

4 

CUSC 

24.5 

1 

24 

1.67 

0.10 

85.8 

11.9 

14% 

4 

E10 

12.5 

1 

23 

1.12 

0.11 

1707.1 

341.6 

20% 

Q14 

24.5 

1 

21 

0.69 

0.09 

88.3 

13.4 

15% 

1 .  Craters  are  larger  due  to  the  large  kicker  window  set  for  the  run. 

2.  These  single-crystal  targets  were  diamond  turned  but  not  chemically  polished. 

3.  Single  crystal  Cu  target  cut  for  100  face, 

4.  Single  crystal  Cu  target,  110  face,  Dia.  is  AVERAGE  of  minor  and  major  diameters. 

Hpoxy  (Fig.  8)  and  Mylar  (I-ig.  9)  me  much  more  volatile  than  the  other  target  samples  impacted  and, 
perhaps  for  that  reason,  did  not  fonn  lips  around  the  edge  of  the  craters.  In  the  Mylar  foils,  ^e  strength 
tensor  is  ani.sotropic  due  to  the  directional  stretching  of  the  plastic  which  takes  place  in  forming  of  the 
foil.  An  elliptical  hole  is  formed  by  impact  (Fig.  9).  Other  interesting  crater  pathology  is  noted  in  the 
epoxy  samples.  F-rom  the  stereoscopic  images  it  is  apparent  that  instead  of  the  ,semi-hemispherical  craters 
formed  in  the  metals  and  glass,  the  craters  in  epoxy  are  cavity  shaped  with  the  opening  at  the  surface 
.smaller  than  the  largest  diameter.  Typically  a  roughly  hexagon^  fracture  structure  in  seen  in  epoxy  (Fig. 
8).  The  .*)  jim  thick  nickel  foil  is  substantially  thicker  than  the  crater  depth  and  so  formed  cTaters  .similar 
to  the  other  metals. 

Quantitative  Uends  in  cratering  effectiveness  as  a  function  of  impact  vekKity  may  be  seen  if  the  crater 
data  are  plotted  as  a  ratio  of  crater  volume  to  projectile  volume,  VA^o  as 's  typical  in  the  impact 
literature.  Because  of  the  difficulty  of  extracting  crater  volume  from  SFM  images,  we  normalize  a 
volume-like  quantity,  crater  di.unetcr  cubed,  to  projectile  mass  (which  is  also  proportional  to  the 
projectile  volume)  and  plot  the  ratio  against  projectile  velocity  in  Fig.  11.  This  altcmativc  to  crater 


724 


G.  L.  SittKDusc,  et  al 


volume  is  not  completely  satisfactory  because  craters  are  known  to  deviate  from  hemisphericity; 
nonetheless,  this  analysis  can  give  some  comparison  of  the  range  of  data. 


•  Target  has  been  scanned  on  SEM  o  Not  Measured 


Velocity  km/s 

Fig.  2.  This  represents  the  array  of  target  materials  and  impact  velocities  for 
which  cratering  samples  collected.  Only  one  velocity  value  was 
pennitted  per  target.  The  solid  symbols  represent  cratering  samples 
which  have  been  measured  under  the  SEM.  The  targets  which  have  not 
been  examined  are  indicated  by  open  data  points. 


Fig.  3.  A  SEM  micro- photograph  of  a  1 .86  tun 
diameter  impact  crater  in  single-crystal 
aluminum  target  from  a  58  femto-gm 
iron  projectile  traveling  27  km/s.  The 
lips  of  the  aluminum  craters  are  finer 
than  tho.se  formed  in  denser  materials. 


Fig.  4.  A  SEM  micro-photograph  of  a  2.2  fun 
diameter  impact  crater  in  a  gold  target 
from  an  iron  projectile  traveling 
15.5  km/s. 


Figure  1 1  shows  the  crater  data  in  both  single  crystal  copper  and  single  crystal  aluminum  targets.  In 
addition  to  the  microscopic  impact  data,  .several  macroscopic  impact  data  points  of  copper  impacting 
copper  and  of  aluminum  impacting  aluminum  are  shown.  The  impact  parameters  of  the  macroscopic  data 
are  shown  in  Table  2.  Macroscopic  impacts  data  are  not  available  at  significantly  higher  velocities  for 


Fig.  7.  A  SFM  micro-phoiograph  of  a  0.6|iin  I'ig.  8.  A  SFM  micro-photograph  of  a  1.7  pico- 
diainctcr  impact  crater  ill  a  quartz  Uirgct  gm  iron  impact  in  an  epoxy  tiuget  at 

from  a  88  femto-gm  iron  projectile  12.5  km/s.  The  hexagonal  fracture 

traveling  24.5  km/s.  ('raters  in  quart/.  structure  is  typical  :ind  the  cavity  of  the 

typically  exhibit  a  melted  crater  lip  crater  appears  to  be  Imger  than  the  crater 

surrounded  by  a  larger  spallation  zone.  opening. 


Fig.  5.  A  SEM  micro-photograph  of  a  2.5  pm  Fig.  6.  A  SEM  micro-photograph  of  a  1.84  pm 


diameter  impact  crater  in  a  single* 
crystal  copper  target  from  a 
355  femto-gm  iron  projectile  traveling 
18.5  km/s.  The  target  face  is  cut  parallel 
to  the  100  crystal  plane.  Copper 
typically  exhibits  small  scale  spallation 
features  in  the  craters. 


average  diameter  impact  crater  in  a 
single-crystal  copper  target  from  a 
1 1 1  femto-gm  iron  projectile  traveling 
22.5  km/s.  This  face  is  cut  parallel  to  the 
110  crystal  plane.  This  crystal  plane 
prtxluces  elliptical  craters  characteristic  of 
ani.sotropic  stress  values  in  the  material. 
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direct  compari.son.  I'he  difference  in  the  D^/m  between  the  macToscopic  and  micToscopic  data  at  the  same 
impact  velocity  indicates  that  although  size  .scales  widi  moderate  fidelity  over  four  orders  of  magnitude  in 
lineiu  dimensions,  die  .sciUing  relationship  is  imperfect  widiout  some  factor  which  corrects  for  the  size  of 
the  impact.  As  mentioned  alxive,  die  strain  rate  of  the  cratering  defonnation  is  linearly  dependent  on  the 
projecdle  size  and  at  very  high  strain  rates,  die  materiid  strength  increa.ses  with  strain  rate.  A  detailed 
di.scussion  of  this  difference  and  a  means  for  compensating  for  strain-rate  induced  strength  changes  is 
pre.sented  in  die  companion  paper  (Walsh,  1092). 


R9S22209 


Diameter'/m  (cm’/j'ni) 


I'iij.  0.  A  SliM  iiiicio-pholoL’rnpli  of  a  I’ii:.  10.  A  SliM  micro-photoeraph  of  a  1.6  (iin 

iliaincier  impact  crater  in  ;i  1.5  |im  thick  diameter  impact  crater  in  a  5  jam  thick 

Mylar  film  tarjict  from  an  iron  nickel  foil  ttirget  from  an  iron 

projectile  traveling  1.5km/s.  Mylar  projectile  traveling  17.5kin/.s. 

lllm.s  ;ire  .stretched  in  production  anil  .so  Sp;ill:ition  bubbles  were  formed  on  the 

pnxluce  elliptical  craters  characteristic  of  b;ick  side  of  tlie.se  foils  when  tlie  crater 

anisotropic  stre.ss  values  in  the  material.  size  approached  the  foil  tJiickness. 


Velocity  (kin/s) 

I'ig.  1 1.  (’rater  d;it;i  fronithe  several  materials  impacted.  Hie  data  :u‘e  plotted  as 
(crater  di.uneicr  ’/  projectile  mass)  versus  impact  veltK'ity.  Plotted  with 
the  microscopic  data  tire  sets  of  macroscopic  imptict  dtita  both  in 
ttiuminum  and  in  copper.  The  microscopic  data  of  impticts  in  both 
copper  and  in  aluminum  exhibit  interesting  plateaus  as  they  deviate 
from  the  empirical  late  stage  equivalence  nuKlel.  Phase  chtinges  in  the 
target  materiid  with  increasing  imptict  velocity  may  be  responsible  for 
these  pltiletius.  I  he  microscopic  imptict  crtiters  tire  somewhtit  smaller 
thtin  might  be  expected  from  simple  size  sctiling,  as  discussed  in  the 
comptmion  ptiper  (Wtilsh,  IW2).  'Hie  impticts  in  qutirtz  and  in  epoxy 
devitite  strongly  from  the  meltil  dtitti.  This  difference  may  be  tittributed 
to  non-hemisplierical  craters,  which  tire  not  taken  into  ttccount  by  a 
cr;iter-lip  diameter  panimeter. 
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Table  2.  The  parameters  corresponding  to  the  macroscopic  data  presented  in 
Fig.  11. 


Material 

Mass  (gm) 

Diameter  (cm) 

Impact  veUxrity  (km/s) 

Crater  diameter  (cm) 

Aluminum 

20 

2.4 

4.28 

8.57 

Aluminum 

60 

3.5 

4.0 

11.1 

0.15 

0.48 

6.5 

1.9 

0.50 

0.32 

6.0 

2.8 

Without  detailed  knowledge  of  the  impact  process,  late  stage  equivalence  indicates  that  the  quantity 
D^/m  should  increase  with  v  *  • '**.  A  curve  showing  that  trend  is  plotted  with  the  microscopic  data.  A 
second  observation  of  interest  is  that  while  the  microscopic  data  follow  the  late  stage  equivalence  curve, 
they  tend  to  fall  below  it  and  also  there  are  two  definite  plateaus  in  both  the  copper  and  the  aluminum 
data. 


CONCLUSIONS 

We  have  performed  impact  cratering  experiments  over  a  wide  range  of  impact  velocities,  above  those 
normally  accessible  with  standard  ballistic  range.  We  have  impacted  a  variety  of  materials  which  are 
interesting  both  for  practical  engineering  applications  and  for  the  simplicity  of  their  deformation 
characteristics  for  computational  modeling.  These  experiments  represent  a  region  of  extremely  high  strain 
rates  and  compel  the  examination  of  the  scaling  relationship  between  micro  and  macro  impacts.  The 
results  of  these  experiments  have  challenged  the  limits  of  both  theoretical  and  computational  modeling  of 
deformation  physics.  We  have  obtained  a  wealth  of  impact  data  in  the  fom  of  cratered  targets,  many  still 
awaiting  analysis.  However,  in  the  measured  data  we  see  considerable  phenomenology  which  is  not 
easily  explained. 
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ABSTRACT 

Many  materials  and  techniques  have  been  developed  by  the  authors  to  sample  the  flux  of  particles  in  Low 
Earth  Orbit  (LEO);  and  through  regular  in  situ  sampling  of  the  flux  in  LEO,  the  materials  and  techniques  have 
produced  data  which  compliment  the  data  now  being  amassed  by  Long  Duration  Exposure  Facility  (LDEF) 
research  activities.  A  comparison  of  the  data  provided  by  LDEF  studies  with  data  derived  from  the  analysis 
of  other  materials  which  have  been  exposed  to  the  space  environment  has  been  ongoing.  In  order  to  augment 
the  amount  of  material  returned  in  a  form  which  can  be  analyzed  on  Earth,  the  survivability  of  the  experiment 
as  well  as  the  captured  particles  has  been  assessed.  Using  Sandia  National  Laboratory’s  hydrodynamic 
computer  code  CTH,  hypervelocity  impacts  on  the  materials  which  comprise  the  experiments  have  been 
investigated.  The  progress  of  these  studies  will  be  reported 


INTRODUCTION 

Space-based  .systems  exposed  to  the  extreme  environment  of  Low-Earth  Orbit  (LEO)  will  avoid  catastrophic 
failures  only  if  the  materials  which  compose  them  can  provide  a  “shield”  against  the  effects  of  continuous 
hypervelocity  impacts.  Extensive  research  has  been  conducted  to  characterize  the  effects  on  materials 
subjected  to  hypervelocity  impacts  by  large  masses.  Even  though  the  large  mass  impactors  carry  the  highest 
probability  of  precipitating  a  catastrophic  event,  the  number  of  large  mass  objects  which  might  be 
encountered  by  an  exposed  surface  i.T LEO  is  believed  to  be  quite  small.  However,  the  size  distribution  of 
objects  a  surface  will  encounter  in  LEO  has  not  been  adequately  characterized,  especially  for  that  portion  of 
the  distribution  which  contains  the  largest  number  of  objects,  i.e.,  the  smallest.  In  order  to  provide  in  situ 
data  depicting  the  size  distribution  of  the  most  numerous  objects  in  LEO,  an  experiment  has  been  designed 
and  successfully  flown  in  the  Science  Applications  International  Corporation  (SAIC)  Interim  Operational 
Contamination  Monitor  (lOCM)  aboard  the  US  Space  Shuttle  (STS-32,  STS-44),  and  the  Particle  Impact 
Experiment  (PIE)  aboard  STS-46,  and  STS-52.  Each  of  these  shuttle  secondary  experiments  have  been 
scheduled  for  flight  on  STS-56  (PIE)  and  STS-63  (lOCM).  As  a  result  of  the  experimental  activities 
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associated  with  Carl  Maag’s  lOCM  missions,  an  opportunity  tc  participate  in  the  European  Space  Agency’s 
European  Retrievable  Carrier  (EuReCa  1 )  on  the  Timeband  Capture  Cell  Experiment  (TICCE)  has  been 
provided  for  a  nine-month  exposure  at  525  km  for  a  large  surface  area  thin  film  experiment. 

EXPERIMENTAL  DESIGN 

Characterization  of  the  orbital  debris  and  micrometeoroid  complex  which  any  surface  will  encounter  in  LEO 
implies  an  implementation  of  several  concurrent  processes.  Foremost,  there  should  be  a  means  to  sample 
in  situ  tne  flux  with  a  frequency  which  can  establish  good  statistics  for  multiple  samples.  There  also  should 
be  access  to  that  environment  for  extended  period,  e.g.,  LDEF, .  ,d  EuReCa.  .so  that  the  existence  of  any 
temporal  fluctuations  in  that  flux  can  be  identified.  The  experiments  flown  can  be  passive  sensors  if  the 
materials  can  be  easily  returned  to  Earth.  In  fact,  the  complete  analysis  of  the  LEO  environment  cannot  be 
adequately  conducted  without  repeated  examinations  of  materials  which  have  been  exposed  to  the  extremes 
of  space.  Hence  the  experimental  design  which  can  provide  a  much  needed  investigation  of  small  grains. 
Dp  1 0  cm,  would  be  a  passive  sensor  which  could  both  detect  and  capture  constituents  of  the  orbital  debris 
and  micrometeoroid  complex. 

Passive  Sensor  Development 

In  an  effort  to  develop  such  a  system  of  sensors,  the  authors  have  designed  and  tested  several  prototypes  on 
STS  mission.'  The  primary  means  to  test  the.se  devices  has  been  in  the  lOCM  created  by  Carl  R.  Maag  of 
SAIC.  The  lOCM  contains  an  array  of  passive  and  active  sensors  which  continuously  sample  three 
orthogonal  directions  in  the  STS  cargo  bay.  Fig.  1.  depicts  the  position  of  the  lOCM  during  the  LDEF 
retrieval  mission,  STS-32. 


Fig.  I .  Position  of  lOCM  in  STS-32  cargo  bav  during  LDEF  retrieval  mission. 


STS-32  Flown  Fiitns 

The  primary  objectives  of  the  STS-32  Experiment  were  to  sample  the  LEO  orbital  debris  and  micrometeoroid 
complex  and  to  conduct  a  prototype  test-flight  of  the  BUSSL  thin  films  and  holders.  An  initial  design  goal 
of  the  STS-32  Experiment  was  to  test  a  thin  film  with  a  thickness  of  less  than  I  pm  and  with  a  combined 
density  of  less  than  3.0  g/cm^.  The  basic  design  of  the  STS-32  Experiment  suspended  a  thin  film  above  an 
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impact  plate.  Fig.  2.  .show.s  an  exploded  diagram  of  the  design  which  was  tlown.  The  thin  film  holders, 
machined  by  BUSSL  workers,  were  made  of  1 100  aluminum  (99%  pure).  Situated  1 .8  mm  below  the  thin 
film,  each  unit  possessed  a  highly  polished  impact  surface  on  which  was  sputtered  2000  A  gold.  The 
manufacture  of  the  ultra-thin  metallic  films  required  expertise  not  immediately  available  at  BUSSL. 
Consequently,  a  contract  w'as  let  to  Arizona  Carbon  F’oils  ( ACF)  to  deposit  0.68  pm  of  aluminum  onto  a  440 
A  carbon  foi  lover  a. ^0-line-per- inch.  90%  transmissive  grid  (Buckbee  Mears).  Each  film  was  then  mounted 
onto  a  steel  ring  with  25.40  mm  O.D.  x  20. .22  mm  I.D.  x  1 .14.2  mm  thickness  using  Y-966  adhesive  provided 
to  ACF'  by  Carl  Maag  o(  SAIC.  Of  the  three  units  which  were  shipped  directly  to  SAIC.  two  were  placed 
into  the  lOCM.  leaving  one  for  control. 
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Fig.  2.  F-xploded  View  of  the  BUSSF,  Fmpact  Uinit  F-'lown  on  STS  missions. 

.V7'.V-/4.  y/S-46  and  other  STS  f  ilms 

Once  the  durability  of  the  thin  films  and  the  integrity  of  the  mounting  structure  had  been  established  by  the 
STS-22flight,thenextSTSexperimentssuspendcdultra-thinfilms(thickness,Tf_  0. 1  pm)  above  an  impact 
platoon  which  was  sputtered  2(K)0  A  of  gold.  Six  identical  units,  fabricated  at  BUSSl.,  possess  filmsof  5fK) 
A  aluminumdep()sitedonto200  A  carbon.  One  unit  flown  on  .STS-44  has  been  returned  for  analysis,  while 
three  units  have  been  flown  on  the  STS-46  mission  earlier  this  year.  The  analyses  on  these  films  and  impact 
plates  have  been  undertaken  at  BUSSL  and  at  SAIC'  once  each  of  the  .STS  missions  has  been  completed. 
Although  the  primary  objective  of  the  STS  experiments  was  to  sample  the  \A-.0  orbital  debris  and 
micrometeoroid  complex,  an  additional  design  goal  for  these  experiments  was  to  test  the  survivability  of  an 
ultra-thin  film  with  a  thickness  of  less  than  750  A  which  possessed  a  density  of  less  than  2.0  g/cm\  When 
the  ratio  of  the  particle  diameter.  F)p,  to  the  film  thickness,  Tj.  viz..  Dj/f).  i'>  large  and  the  density  of  the 
material  composing  the  f  ilm  iscomparablelotheimpactinggrain(pp=Pf).  the  f  ragmentation  of  the  penetrating 
grain  will  be  reduced.  Con.sec|uently,  large  fragments  of  the  incident  grain  will  impact  the  gold-coated 
aluminum  impact  plate  below  the  ultra-thin  Him. 

f  jiReCa  Experiment  Eilms 

As  a  consec)uence  of  the  experimental  experience  derived  during  .ST.S  missions,  the  authors  have  produced 
and  delivered  experiments  for  the  F-iuropean  Space  Agency’s  Fiuropean  Retrievable  Carrier  (liuRcCa  1 ) 
which  will  provide  a  nine-month  exposure  at  525  km  for  similar  thin  film  experiments.  TTie  data  to  be 
returned  by  the  luiRef 'a  I  experi.neni  will  be  pnxlucedlhroughanexaminationof  the  morphology  of  primary 
and  secondary  hypervelocity  impact  craters.  F’riniary  attention  will  be  paid  to  craters  caused  by  ejecta 
produced  during  hypervelocity  impacts  on  different  substrates,  e  g.,  gold,  aluminum,  palladium,  and  at 
dif  ferent  angles  of  incidence,  viz..4.5 ",  .25'’.  25' .()".  F-rom  these  data  one  caiuleterminc  the  size  distribution 
of  ejecta  by  means  of  witness  plates  and  collect  fragments  of  ejecta  from  craters  by  means  of  momentum 
sensitive  micro-pore  foam.  With  an  established  ejecta  size  distribution  and  with  the  determination  of  total 
momenta  of  each  ejected  particle,  a  vel(x;ity  distribution  by  angle  will  be  derived,  given  that  the  ejecta  number 
density  is  a  strong  function  of  the  angle  taken  w.r.t.  the  surface  normal  of  the  impact  target. 
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EuReCu  I  ExiHTiiucutal  Design 

Each  100  mm  \  100  mm  x  8  mm  unit  possesses  an  ultra-thin  aluminum  film  (nominal  T|  <  5(X)  A)  stacked 
above  a  coated  substrate  (Fig.  3.).  The  plane  of  each  film  contains  100  cm-  of  impact  surface  under  which 
a  Buckbee  Mears  (OO'T  transmissive)  grid  is  placed  to  support  the  ultra-thin  film.  Each  mesh  has  been 
covered  with  an  aluminum-coated  epoxy  layer  nominally  5  pm  thick  to  inhibit  production  of  X-rays  by 
20keV  electrons  during  laboratory  analyses.  An  estimate  of  the  trajectory  of  grains  within  the  experiment 
can  be  derived  from  analysis  of  penetrations  made  in  the  thin  film  and  impact  sights.  Beneath  the  thin  film 
and  above  the  substrate  a  network  of  collimating  plates  have  been  constructed.  Each  highly  polished  0.625 
mm  thick  3300  aluminum  plate  is  1 00  mm  long  with  a  height  of  8  mm,  and  possess  slots  so  that  itcan  interlock 
with  perpendicular  plates.  Thesedivisionsinsurethatgrains  whose  velocity  vectors  make  a  large  angle  with 
respect  to  the  surface  normal  of  the  500  A  film  will  not  impinge  on  another  cell  but  will  impact  the  witness 
plates  of  a  specific  cell  or  be  stopped  by  a  thin  film.  The  3300  aluminum  witness  plates  will  also  record  the 
demi.se  of  “barely”  penetrating  grains.  The  underside  of  each  thin  film  will  be  investigated  to  assess  the 
constituents  of  debris  clouds  deposited  on  each  thin  film.  The  primary  function  of  the  3300  aluminum  witness 
plates  near  the  substrate  will  be  to  record  the  ejecta  produced  when  a  hypervelocity  grain  encounters  a  semi¬ 
infinite  stopping  plate,  viz.,  the  substrate,  which  has  been  coated  with  2000  A  of  gold.  Each  portion  of  the 
substrate  surface  need  not  be  normal  to  the  particle’s  incident  direction.  In  fact,  since  the  grains  which 
penetrate  the  film  will  be  directional,  the  effects  of  oblique  hypervelocity  impacts  can  be  examined  using  the 
orbital  debris  and  micrometeoroid  complex.  A  maxmium  angle  of  45°  with  respect  to  the  substrate  surface 
normal  has  been  accommodated  in  the  design  of  several  of  the  cells. 


Fig.  3.  BUSSL  hypervelocity  impact  experiment  flown  on  EuReCa  I  -  TiCCE. 


EuRcCa  !  Scienlific  Ohjedivcs 

Few  laboratory  hypervelocity  impact  experiments  have  investigated  the  mechanisms  of  ejecta  creation. 
Consequently,  a  significant  uncertainty  attends  predictions  of  what  effects  high-speed  ejecta  can  have  on 
surfaces  lying  near  the  site  of  a  hypervelocity  impact.  For  this  reason,  the  effect  on  materials  which  will  be 
ii.  jorporated  into  the  design  of  future  Earth-orbiting  vehicles  needs  to  be  investigated  by  exposure  to  long- 
duration  space  night  conditions.  This  experiment  has  been  devised  to  afford  opportunities  to  assess  a  wide 
range  of  the  dynamics  of  ejecta  created  by  hypervelocity  impacts  on  various  substrates.  Experimental  data 
suggest  that  an  oblique  angle  hypervelocity  impact  can  create  much  more  ejecta  particles  than  normal 
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incidence  impacts,  and  that  the  velocity  distribution  of  these  ejecta  particles  will  be  skewed  toward  higher 
values.  Therefore,  ejecta  created  in  oblique  impacts  will  transfer  a  significant  portion  of  the  impactor’s 
kinetic  energy  to  the  surrounding  structures.  The  effects  of  this  energy  transfer  can  be  examined  through  a 
characterization  of  the  morphological  properties  of  impact  craters  on  witness  plates  using  a  Scanning 
Electron  Microscope  (SEM)  and  a  digital  image  processing  system.  In  order  to  examine  this  phenomenon 
further,  there  is  a  need  for  an  experiment  which  can  capture  hypervelocity  ejecta  so  that  an  ejecta  size  and 
velocity  distribution  may  be  derived  from  a  non-destructive  study.  The  effects  which  a  variation  in  the 
density  of  the  substrate  might  have  on  ejecta  production  must  also  be  investigated.  Hydrodynamic  and 
molecular  dynamics  computer  programs  developed  by  BUSSL  will  assist  in  theoretical  establishment  of 
relevant  hypervelocity  impact  parameters  for  the  full  regime  of  impact  events  from  ultra-thin  film 
penetrations  to  semi-infinite  targets  composed  of  mixed  material  systems,  viz.,  metallic  surface  evaporated 
onto  a  substrate. 


COMPUTER  SIMULATIONS  OF  THIN  FILM  PENETRATION 

During  the  decades  ahead  a  significant  amount  of  material  which  has  been  exposed  to  the  LEO  environment 
will  be  returned  for  analysis.  Interpretation  of  the  evidence  presented  by  these  materials  will  require 
extensive  knowledge  concerning  the  failure  modes  of  similar  materials  subjected  to  hypervelocity  impacts. 
An  accurate  assessment  of  the  properties  of  objects  which  might  have  created  the  features  evident  on  the 
returned  materials  will  insure  that  an  exact  “picture”  of  the  orbital  debris  and  micrometeoroid  population  can 
be  developed.  To  this  end,  extensive  experimental  investigations  have  measured  the  penetration  parameters 
of  .several  types  of  metallic  substances  in  the  velocity  and  size  regimes  commensurate  with  that  of 
Interplanetary  Dust  Particles  (IDPs)  and  Orbital  Debris.  Through  numerous  hypervelocity  impact 
investigations,  Baylor  University  Space  Science  Laboratory  (BUSSL)  researchers  have  accumulated 
experience  which  has  been  applied  to  hydrodynamic  computer  program  development  and  the  utilization  the 
multi-dimensional  hydrodynamics  code  CTH  (McGlaun,  S.L.  Thompson,  and  M.G.  Elrick,  1 990;  Thompson 
and  Lauson,  1 984)  produced  by  Sandia  National  Laboratory.  Primarily,  CTH  will  be  used  to  investigate  the 
relationship  between  the  particle  diameter.  Dp,  and  the  diameter,  Dh,  of  the  hole  created  in  an  aluminum  thin 
film  500  A  thick  (Tf)  for  relevant  particle  sizes,  densities  and  velocities.  The  results  of  these  CTH  runs  will 
be  employed  to  analyze  the  penetration  parameters  of  the  thin  films  flown  on  STS  and  EuReCa. 

EMPIRICAL  ESTIMATIONS  OF  PENETRATION  PARAMETERS 


Extensive  experimental  work  has  established  several  empirical  relationships  (McDonnell,  Carey,  andDixon, 
1984;  Carey,  McDonnell,  and  Dixon,  1985)  which  describe  the  hypervelocity  impact  event  of  thin  film 
penetration.  Interpretations  of  the  solutions  derived  by  use  of  CTH  must  be  substantiated  by  a  clear 
connection  with  parameters  derived  by  experiment.  Through  by  no  means  an  exhaustive  list  of  penetration 
equations,  the  four  listed  below  are  representative  equations  ofthe  empirically  derived  penetration  limits  for 
thin  films.  One  important  aspect  about  these  equations  to  notice  is  the  apparent  continuity  between  early 
work  dating  back  to  1965  and  even  the  most  recent  empirical  equations. 


=  0.57  e  "  (-^1  Fish  &  Summers  (1965) 

Dp  \  Pt/ 


0.635  Dp"'’‘'%p‘’‘’‘'*^  Vp'’'’^  Cour-Palais(1979) 

Dp 


=0.772 

Dp 

Dp"  -  e 

0.7.1 

PP 

Pt  (Vpcos  a)  ; 

Pailer  &  Griin  (1980) 

|H 

II 

o 

be 

DpO,o,s6  1^ 

\  0.47ft  1 

y0.73S. 

McDonnell  &  Sullivan  (1992) 

Dp 

IpT: 

1  \ 

a  T '  ’’  ’ 

Each  of  these  four  penetration  equations  have  been  plotted  versus  velocity  in  Fig.  4.  where  the  material  being 
penetrated  possesses  the  properties  of  the  BUSSL  thin  film  experiment. 
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Fig.  4.  Plots  of  thin  film  penetration  equations  for  the  velocity  of  7  km/s. 

In  order  to  analyze  by  empirical  means  the  penetration  parameters  of  thin  films  like  those  flown  on  STS  and 
EuReCa,  one  may  utilize  the  Fish-Summers  (Fish  and  Summers,  1 965)  penetration  formula.  Given  that  the 
thickness  of  the  metal  lie  foi  I  is  5.00  x  1 0-6  cm,  density  of  2.7  g/cm^,  and  velocity  of  7  km/s,  then  the  minimum 
mass  which  could  penetrate  the  thin  film  would  be: 


Tf=  K  r, 


0.148 


MpO-35^ 


or 


Mn  = 


Tf 


K  Tf 


0.148 


0.667 


2.84 


=  2.2  X 


lO'^g, 


whereK=3.56x  1 0'"^  for  aluminum.  A  recentempiricaJequatjonreportedbyMcDonnell(McDonnelland 
Sullivan,  1 992)  which  gives  a  measure  of  the  penetration  limits  for  metallic  films  exposed  to  the  LEO  orbital 
debris  and  micrometeoroid  complex  can  be  used  to  derive  the  following  penetration  mass  limit.  These  mass 
calculations  suggest  that  the  thin  films  can  be  penetrated  by  a  grain  which  possesses  a  mass  greater  than  a 
one-hundredth  of  a  picogram.  Using  the  aforementioned  equation  one  finds  that; 


Dp 


Tf 

'  PT 

0.476 

0.833 

.  PP  . 

Oo- 

V 


-0.738 

P 


3.82  X  lO'V  Mp  =  7.91x  lO  'V 


2DR  BlocW  1  X  Ci0"*c<Ti) 

2-D  '•/al,  '70<'r^ol.  9.00  hm/s.  O.OOOOOt  Zones 
I2JA<F  C  92/09/20  09:04;?6  CTH  0  Tlm«=0. 


MVIS-CuRsCo  I  Tiim  Dp/Tf  a  30  >p  «  9.00  k'^/% 


20ft  9loeW  1  X  (10‘*em) 

2-D  <*/ol,  normol,  9.00  Vnr»/i,  0.000001  cm  tor«s 

jCUOUC  92/10/10  20:27:02  CTH  1H2  » 


Fig.  5.  CTH  output  to  depict  the  measurement  of  a  film  thickness.Tf,  a  particle  diameter.  Dp, 
and  a  hole  diameter,  Dh  for  a  thin  film  penetration  at  a  velocity  of  9  km/s. 

Of  particular  interest  in  these  investigations  is  a  specific  empirical  form  which  relates  penetration  hole  size 
with  the  diameter  of  the  penetration  hole.  This  experimentally  derived  equation  for  the  description  of  the 
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penetration  relationship  for  Iron  projectiles  impacting  aluminum  films  of  various  thicknesses  was  developed 
by  Carey,  McDonnell,  and  Dixon  equation  (CMD)  (Carey,  McDonnell,  and  Dixon,  1985).  The  Carey, 
McDonnell  &  Dixon  (CMD)  empirical  equation  has  been  compared  with  the  results  of  computer  simulation 
of  hypervelocity  impacts  and  has  been  plotted  in  the  following  graphs  for  various  velocities  of  interest  for 
surfaces  flown  in  LEO. 


Si  =  1  +  1.5 
Dp 


VpO.3 


1  + 


Dc 


-n 

p 


;  Where  n  =  1 .02  -  4  exp  (-0.9  VpO-9 )  -  0.003  (20  -  Vp) 


Table  1 .  Summary  of  Computer  Generated  Hypervelocity  Impacts§ 


Aluminum  on  Aluminum 

Alumina  on  Aluminum 

Iron  on  Aluminum 

Dp/Tf 

Dh  (A) 

Dh/Tf 

Dh/Dp 

Dh  (A) 

Dh/Tf 

Dh/Dp 

Dh  (A 

Dh/Tf 

Dh/Dp 

30 

15672 

31.34 

1.045 

15772 

31.54 

1.052 

15900 

31.80 

1.060 

25 

13570 

27.14 

1.085 

13657 

27.31 

1.093 

13806 

27.62 

1.105 

20 

11493 

22.98 

1.149 

11567 

23.13 

1.157 

11418 

22.84 

1.142 

15 

9911 

19.82 

1.322 

9732 

19.46 

1.298 

9234 

18.47 

1.231 

10 

7687 

15.37 

1.537 

7500 

15.00 

1.500 

7027 

14.05 

1.405 

7.5 

5970 

11.94 

1.592 

5807 

11.61 

1.549 

5689 

11.38 

1.517 

5.0 

5040 

10.08 

2.016 

4896 

9.79 

1.958 

4239 

8.48 

1.696 

4.0 

3970 

7.94 

1.985 

4148 

8.30 

2.074 

BSBB 

3.0 

3230 

6.46 

2.153 

3304 

6.61 

2.203 

3526 

2.0 

2300 

4.62 

2.300 

2234 

4.68 

2.234 

2435 

1.0 

1674 

3.35 

3.348 

1689 

3.38 

3.378 

1704 

3.408 

1  *7^  + 

*5  An 

QAQ 

JOV/ 

• 

§  Summary  of  the  CTH  computer  simulations  of  normal  incidence  7  km/s  hypervelocity  impacts, 
t  Only  for  Aluminum  on  aluminum  are  there  data  for  the  marginal  pentrating  event. 


D  /T 

h  f 


Fig.  6.  Plots  of  values  from  Table  2.  which  illustrate  the  CTH  solutions  for 
various  sizes  and  densities  of  particles.  To  compare  the  CTH 
calculations  with  the  CMD  equation  for  velocities  of  7, 9,  and  1 1  km/s, 
the  equations  are  also  plotted. 
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Table  2.  Summary  of  Computer  Generated  Hypervelocity  Impacts§ 


Alumium  on  Aluminum 

Alumina  on  Aluminum 

Iron  on  Aluminum 

3D 

Dh  (A) 

Dh/Tf 

Dh/Dp 

Dh(A) 

Dh/Tf 

Dh/Dp 

Dh  (A 

Dh/Tf 

Dh/Dp 

16165 

32.33 

i.078 

16275 

32.55 

15918 

31.84 

1.061 

14135 

28.74 

1.130 

14215 

28.43 

■IBM 

13910 

27.82 

1.1 13 

1 1955 

23.91 

1.196 

12060 

24.12 

1.206 

11729 

23.46 

1.173 

15 

9896 

19.79 

1.319 

- . - 

9708 

19.42 

1.294 

10 

8000 

16.00 

1.600 

- . - 

7506 

15.01 

1.501 

7.5 

6150 

12.30 

1.640 

12.60 

1.680 

5895 

11.79 

1.570 

5.0 

5074 

10.15 

2.030 

5373 

10.75 

2.149 

4511 

9.02 

1.805 

4.0 

4632 

9.26 

2.320 

4812 

9.62 

2.410 

4300 

8.60 

2.150 

3.0 

4030 

8.06 

2.686 

4271 

8.54 

2.850 

3790 

7.58 

2.530 

2.0 

3450 

6.90 

3.450 

3609 

7.22 

3.610 

3338 

6.68 

3.340 

1.0 

2520 

5.040 

5.040 

2647 

5.29 

5.290 

2692 

5.383 

5.383 

§  Summary  of  the  CTH  computer  simulations  of  normal  incidence  9  km/s  hypervelocity  impacts. 


Fig.  7.  Plots  of  values  from  Table  2.  which  illustrate  the  CTH  solutions  for  various  sizes  and 
densities  of  particles.  To  compare  the  CTH  calculations  with  the  CMD  equation  for 
velocities  of  1, 9,  and  1 1  km/s,  the  equations  are  also  plotted. 

CONCLUSIONS 

A  primary  goal  remains  to  establish  by  theoretical  and  experimental  means  the  limit  for  the  hole-growth  in 
an  ultra-thin  film  which  has  been  penetrated  by  a  hypervelocity  impact.  To  ascertain  that  the  maximum  hole- 
growth  has  occurred,  the  computer  run-time  limit  has  been  scaled  to  film  thickness,  projectile  velocity  and 
diameter  so  that  the  experiment  length  will  be  comparable  to  three  times  the  particle  penetration  time. 
Complete  penetration  by  the  particle  will  have  been  achieved  when  the  pressure  and  density  parameters 
indicate  the  full  attenuation  of  the  shock  wave  in  the  target  and  when  the  physical  dimensions  of  the  hole  in 
the  theoretical  calculation  no  longer  increase  (Lagrangian  tracer  points  will  no  longer  be  in  motion  relative 
to  the  normal  impact  components).  Data  from  two-dimensional  (2D)  computer  simulations  of  the 
hypervelocity  impact  events  (Table  1  and  Fig.  6;  Table  2  and  Fig.  7)  which  penetrate  the  STS  and  the  EuReCa 
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1  thin  films  conform  to  a  high  degree  with  CMD  equation  for  all  densities  tested.  The  CMD  relationship 
between  the  particle  diameter.  Dp,  and  the  diameter,  Dh,  of  the  hole  created  in  a  500  A  aluminum  thin  film 
(T()  for  relevant  particle  and  film  parameters  when  compared  with  other  thin  film  penetration  data,  is  found 
to  agree.  The  CMD  relationship  will  be  compared  with  experimentally  derived  penetration  data  as  well  as 
with  furtherCTH  computer  simulations  at  higher  velocities,  i.e.,  11,15, 19,and23  km/s,  where  with  higher 
velocity  a  •'Jivcrgennce  between  CTH  calculations  and  the  CMD  equation  is  suspected  for  the  low  Dp/Tf  ratio 
cases.  The  extension  of  CTH  hypervelocity  impact  simulations  is  warranted  by  the  success  of  the  CMD 
equation  in  the  preliminary  analyses.  The  good  agreement  of  the  CMD  relationship  for  low  hypervelocity 
suggests  that  the  CMD  equation  mayu  be  may  be  used  to  analyze  in  situ  data  produced  by  thin  film 
experiments  flown  in  LEO  and  to  determine  the  size  di.stribution  of  particles  which  penetrate  the  thin  films. 
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RESPONSE  OF  WOVEN  CERAMIC  BUMPERS  TO  HYPERVELOCITY  IMPACTS 


L.E.  Thompson  and  M.S.  Johnson 
McDonnell  Douglas.  Huntington  Beach,  CA 


ABSTRACT 

The  multi-shock  shield  concept  devised  by  Crews  and  Cour-Palais,'  composed  of  multiple  ceramic  cloth  bumper 
layers  and  an  aluminum  back  sheet,  was  used  to  investigate  the  response  of  woven  ceramic  bumpers  to  a  hypervelocity 
impact.  Observations  made  on  past  hypervelocity  impact  test  data  show  that  areal  density  is  the  most  important  bumper 
characteristic  for  initially  breaking  up  solid  particles.  Our  research  has  shown  that  once  the  solid  particle  has  been 
shocked  into  a  cloud  of  liquid  and  vapor,  the  weave  pattern  of  the  cloth  bumper  can  influence  the  ability  of  the  shield 
to  absorb  and  contain  the  energy  of  the  debris  cloud. 

To  design  a  weave  that  will  absorb  particle  energy  more  efficiently,  we  need  to  understand  the  micromechanics  of 
the  interaction  between  the  debris  cloud  and  the  cloth  bumper.  In  this  paper  we  discuss  our  observations  on  the 
response  of  a  ceramic  cloth  bumper  to  a  hypervelocity  impact  and  the  failure  mode  occurring  at  the  individual  strand 
level. 


SYMBOLS 

As  spacing  between  bumper  layers 

t  thickness  of  each  bumper  layer 

V  velocity  of  incoming  projectile 

Rf  weave  ratio,  number  of  strands  per  inch  in  the  warp  direction  divided  by  the  number  of  strands  per  inch 

in  the  fill  direction 

Rf,  average  ratio  of  the  length  of  the  hole  in  the  fill  strand  direction  divided  by  the  length  of  the  hole  in  the 
warp  strand  direction 

a  distance  between  cross-over  points,  unsupported  strand  length 
Aj  areal  density  with  units  of  g/cm^ 

11/10>92 


INTRODUCTION 

The  conventional  approach  to  shielding  against  micrometeorites  has  been  to  use  a  Whipple  shield.'  This  shield  is  made 
of  two  aluminum  sheets  placed  a  distance  apart.  The  first  sheet  is  referred  to  as  the  ‘‘bumper.”  Its  function  is  to 
intercept  the  incoming  projectile,  shocking  the  particle  and  causing  it  to  vaporize,  melt,  and/or  fracture,  forming  a 
debris  cloud  made  up  of  one  or  more  of  these  states.  The  resulting  debris  cloud  then  expands  and  impacts  the  second 
sheet.  The  second  sheet  is  designed  to  resist  the  impulse  created  by  the  impact  of  the  debris  cloud.  This  two-layer 
shield  concept  is  lighter  in  weight  than  a  single-wall  shield  that  provides  an  equivalent  measure  of  protection. 

A  new  shield  called  the  multi-shock  shield.'  devised  by  Jeanne  Crews  of  NASA-JSC  and  Burt  Cour-Palais  of 
McDonnell  Douglas  Corporation  (MDC)-Houston,  offers  .10%  to  50%  weight  savings  over  the  conventional  Whipple 
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shield.  The  multi-shock  shield  is  a  lightweight  shield  consisting  of  multiple  layers  of  thin  bumper  elements  spaced 
a  small  distance  apart  (As),  to  repeatedly  shock  the  incoming  projectile  to  a  higher  energy  state  (see  Fig.  1). 

In  our  research,  we  investigate  the  interaction  of  the  liquefied  or  vaporized  particle  debris  cloud  with  woven  ceramic 
bumpers  at  the  individual  strand  level.  We  have  modified  conventional  fabrics  to  improve  their  ability  to  withstand 
the  impact  of  the  debris  cloud. 

t  t  t  t  t 

1  2  3  4  W 


Side  View 

Showing  particle  impacting  each  layer  and 
resulting  debris  cloud 


Fig.  1.  Multi-shock  shield  concept. 

OBSERVATIONS  OF  PREVIOUS  HYPERVELOCITY  IMPACT  TESTS 

We  reviewed  past  tests  performed  on  multi-shock  shields  at  the  Hypervelocity  Impact  Test  Facility  (HIT-F)  at 
NASA-JSC.  These  shields  used  Nextel  and  Astroquartz  ceramic  cloths  for  the  bumper  layers.  We  observed  that  the 
hole  produced  in  the  ceramic  cloth  bumper  layers  of  the  shield  was  either  square  or  rectangular  in  shape.  Further 
investigation  of  the  bumpers  revealed  that  fabrics  with  nearly  equal  numbers  of  strands  in  the  warp  and  fill  direction 
produced  a  square  hole  (Nextel  AF-26)  and  that  fabrics  with  an  unequal  number  of  strands  in  the  warp  and  fill 
directions  produced  a  rectangular  hole  (Nextel  BF-22.  BF-40.  and  Astroquartz  II).  The  hole  size  produced  in  these 
tests  was  measured  to  be  the  length  of  the  damaged  area,  up  to  the  first  unbroken  strand  in  both  warp  and  fill  directions. 
We  found  these  observations  to  be  unique  to  cloth  bumpers.  Tests  run  on  rigid,  isotropic  bumpers  (aluminum, 
tantalum,  etc.)  produce  uniform  circular  damage  patterns  in  the  bumper  layers. 

The  cloth  bumpers  tested  at  HIT-F  all  had  a  five-harness  satin  weave  (the  weave  pattern  follows  the  form;  over  four 
strands  and  under  one)  but  had  different  numbers  of  strands  per  inch  in  the  warp  and  till  strand  directions.  Table  1 


Table  I.  Characteristics  of  cloth  bumpers 


Fabric  Name 

Type 

Areal 

Density 

(gm/cm’) 

Weave  Pattern 

R. 

Hole  Shape 

Nextel  AF-26 

.“i-H  Satin 

().()4.ii 

29  strands/in.  warp 

26  strands/in.  fill 

i.ii 

1.07 

Square 

Nextel  BF-22 

.“i-H  Satin 

0.0474 

.1.1  strands/in.  warp 

21  strand.s/in.  fill 

l.i7 

1.40 

Rectangular 

Nextel  BF-4() 

.i-H  Satin 

0.090 

.12  strands/in.  warp 

20  strands/in.  fill 

1.60 

1.40 

Rectangular 

Astroquartz  II 

.i-H  Satin 

0.066.1 

18  strands/in.  warp 

24  strands/in.  fill 

l.i8 

1.41 

Kectangular 

prof-Mp^r  92b0600ti  1  n  i092 


Kc^po^^c  t>l  \so\cn  ccraiUK'  buinporN  lo  hvpcnchKju  iinpaci'- 
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shows  the  eharaeteristic  weave  pattern,  weave  ratio,  areal  density,  average  hole  dimension  ratio  {length  of  the  hole 
in  the  fill  direetion  divided  by  its  length  in  the  warp  direetion).  and  hole  shape  of  these  ceramic  cloth  bumpers.  The 
weave  ratio.  R,.  and  the  average  hole  dimension  ratio.  .  are  appro.vimalely  the  same  for  each  type  of  cloth  bumper 
tested,  possibly  showing  that  the  weave  of  the  bumper  affeeis  the  shape  of  the  hole  created. 

Ne.Mel  BF-22.  BF-4().  and  Astroquartz  II  fabric's  have  weaves  with  more  strands  per  inch  in  the  warp  direction  than 
in  the  fill  direction,  and  the  holes  produced  in  all  these  fabric'  bumper  layers  was  always  reetangular  in  shape.  Further 
investigation  of  the  rectangular  hole  found  the  longer  side  of  the  hole  always  to  be  in  the  warp  strand  direction.  This 
is  illustrated  in  Fig.  2.  We  feel  that  these  observations  imply  that  the  orientation  of  the  rectangular  hole  created  in 
the  bumper  is  dependent  on  the  orientation  of  the  fabric'. 

These  observations  also  lead  us  to  believe  that  the  debris  cloud  is  causing  the  bumpers  to  fail  at  the  individual  strand 
locations.  The  strands  are  failing  in  the  area  of  their  highest  bending  stress,  the  location  where  the  strand  bends  over 
and  under  a  transverse  strand  (Fig.  }).  In  a  typical  five-harness  satin  weave,  a  strand  crosses  over  four  strands  and 
under  one.  The  term  "a''  refers  to  the  distance  between  these  cross-over  points,  or  the  unsupported  length  of  a  strand. 
The  "a”  distance  is  greater  in  the  warp  strand  direction  than  in  the  fill  strand  direction  for  fabrics  BF-22  and 
Astroquartz.  due  to  the  weave  pattern.  If  the  strands  are  breaking  at  these  cross-over  points,  then  this  could  be  the 
reason  why  these  bumpers  exhibit  a  rectangular  damage  hole.  The  AF-26  fabric  has  approximately  the  same  "a" 
distance  in  both  the  fill  and  warp  direction,  therefore  producing  a  square  damage  hole. 

By  investigating  each  bumper  layer,  one  can  identify  the  unsupported  strand  length  "a"  occurring  around  the 
damaged  hole.  Fig.  2  show  s  the  front  and  back  face  of  the  Astroquartz  11  bumper  No.  2.  test  ,A1004.  The  rectangular 
hole  is  evident.  This  bumper  show  s  that  each  broken  strand  has  multiple  liber  failures  at  the  same  location.  The  fibers 
in  the  bundles  are  approximately  of  length  "a"  and  can  be  seen  around  the  hole's  perimeter.  In  all  these  tests,  the 
longer  side  of  the  rectangular  hole  is  oriented  in  the  warp  strand  direction.  Again,  we  feel  that  these  tests  imply  that 
the  orientation  of  the  hole  created  in  the  bumper  layer  is  dependent  on  the  orientation  of  the  fabric. 

The  area  of  the  hole  created  in  each  bumper  layer  for  all  the  Nextel  BF  series  and  Astroquartz  shots  tested  under 
McDonnell  Douglas  Independent  Research  and  Development  are  shown  in  Fig.  4.  The  shot  configurations  consist  of 
four  layers  of  Nextel  BF-22  (each  bumper  Aj  =  0.0474  g/em').  three  layers  of  Astroquartz  (each  bumper  Aj  = 
0.066.1  g/enr).  and  a  three-layer  Nextel  configuration  consisting  of  two  layers  of  BF-22  and  a  layer  of  BF-40  (Aj 
=  0.040  g/cnr).  All  shots  were  made  w  ith  a  0. 12.‘l-in. -diameter  aluminum  sphere  at  a  velocity  of  approximately 
6.4  kni/sec.  The  horizontal  axis  show  s  the  total  cumulative  bumper  areal  density  of  the  shield.  This  plot  shows  a  linear 
relationship  between  the  area  of  the  hole  created  in  each  bumper  layer  and  the  cumulative  bumper  areal  density. 
Therefore,  as  you  go  from  one  bumper  layer  to  the  ne.xt.  the  damage  hole  area  increases  linearly.  We  feel  liiat  the 
size  of  the  hole  created  in  each  bumper  is  related  to  the  energy  level  of  the  particles  and  the  size  of  the 
expanding  debris  cloud.  In  Fig.  4.  the  size  of  the  debris  cloud  increases  with  each  bumper  layer,  showing  that  the 
debris  cloud  is  still  expanding  after  four  layers.  Damage  done  to  each  witness  plate  (aluminum  back  plate)  consisted 
of  an  indentation  but  no  penetration. 

For  breaking  up  solid  particles,  the  bumper's  areal  density  and  material  type  are  important  bumper  eharaeteristics. 
but  for  containing  the  trailing  debris  cloud,  the  weave  pattern  of  the  fabric  bumper  is  important.  Review  of  previous 
multi-shock  shield  test  results  has  led  us  to  believe  that  the  weave  of  the  ceramic  cloth  bumper  affects  the  shape  of 
the  hole  produced  by  a  hypervelocity  impact.  We  also  believe  that  the  size  of  the  hole  is  determined  by  the  size  of 
the  debris  cloud.  By  modifying  the  weave  and  therefore  the  dimensions  of  the  hole,  we  can  produce  a  bumper  that 
more  closely  matches  the  expanding  debris  cloud.  This  modification  w  ill  allow  for  the  design  of  a  bumper  that  reacts 
more  efficiently  to  the  shape  and  size  of  the  resulting  debris  cloud. 

The  strength  of  a  strand  plays  a  great  role  in  absorbing  the  impact  energy  of  the  pro  jectile.  The  w  eak  points  in  a  strand 
are  w  here  it  crosses  over  or  under  the  transverse  strand,  the  area  of  the  highest  bending  stress.  It  is  at  these  locations 
that  the  strands  arc  breaking  prematurely  in  bending  (see  Fig.  .^). 


TEST  CONFIGURATION 

The  weaves  of  BF-22  and  AF-4()  Nextel  fabric'  were  modified  for  testing  at  HIT-F.  and  the  bumpers  were  modified 
by  manually  removing  every  other  strand  in  the  fill  direction.  This  doubled  the  "a"  distanee  and  redueed  the  bending 
stress  concentrations  (see  Fig.  .f).  Reducing  the  bending  stress  and  increasing  the  unsupported  length  of  the  strand 
allow  increased  tensile  loads  prior  to  strand  failure.  This  loading  takes  adv  antage  of  the  relativ  ely  high  tensile  strength 
of  the  strand  as  opposed  to  its  lower  bending  strength.  The  increased  tensile  loads  in  the  strand  allow  dissipation  of 
energy  along  its  length,  not  just  at  the  debris  cloud  impact  location,  and  also  allow  a  larger  area  of  the  fabric  to  react 
to  the  impact,  increasing  the  size  ('f  the  hole  formed  by  the  debris  cloud  Each  subsequent  bumper  layer  then  absorbs 
more  particle  energv  through  shield  displacement. 


Fig.  2.  Front  and  back  lace  of  Aatroquartz  II  bumper  layer  No. 
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Cross-Section  5  Harness  Satin  Unmodified  Weave 


t  Projectile 

Impact  Load 


Fig.  3.  Cross-section  of  IndIvIdusI  strands  in  an  unmodified  and  modified  five-harness  satin  weave. 
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layer. 


The  perimeter  of  each  6-  by  6-in.  bumper  layer  was  taped  in  order  to  slop  the  fabric  from  unraveling  during  handling. 
Each  test  consisted  of  five  bumper  layers  placed  I  in.  apart,  followed  by  an  aluminum  2024-T3  (t  =  0.032  in.)  back 
plate  (see  Fig.  5  and  Fig.  6  for  the  test  configuration).  The  back  plate  material  and  thickness  were  chosen  in  order 
to  make  a  direct  comparison  to  tests  performed  previously. 


The  removal  of  fill  strands  reduced  the  areal  density  of  the  bumpers.  The  density  of  the  modified  BF-22  fabric  is 
0.2018  gm/cm^,  and  the  density  of  the  modified  AF-40  is  0.3619  gm/cm‘. 


We  manually  removed  every  other  fill  strand  and  rotated  every  other  bumper  layer  in  order  to  have  the  maximum 
number  of  strands  interact  with  the  impinging  rectangular  debris  cloud. 
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Fig.  5  Five>lay6r  BF-22  modified  bumper  multi-shock  shield  configuration. 
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Fig.  6.  Five-layer  AF-40  modified  bumper  multl-ehock  shield  configuration. 
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TEST  RESULTS  AND  ANALYSIS  OF  MODIFIED  SHOTS 

A  ploi  showing  the  area  ol  the  hole  versus  the  bumper  layer  for  these  tests  is  shown  in  Fig.  7.  A  linear  relationship 
is  shown  for  the  unmodified  BF-22  test  samples  tested  in  PD  1 2- UK),  and  a  nonlinear  relationship  for  the  modified 
BF-22  shots  tested. 


We  feel  that  the  area  under  eaeh  of  these  curves  tmodified  and  unmodified)  is  a  funetion  of  the  amount  of  energy  the 
shield  needs  to  absorb  in  order  to  stop  the  incoming  projectile.  Earlier,  we  stated  that  the  size  and  shape  of  the  bumper 
hole  was  related  to  the  size  and  shape  of  the  debris  cloud.  We  feel  that  the  size  of  the  hole  is  also  a  function  of  the 
energy  absorbed  by  the  strands.  In  the  modified  bumper  shields  tested,  the  first  bumper  layer  was  not  modified,  so 
that  the  same  shocking  of  the  particle  demonstrated  in  the  first  layer  of  the  unmodified  shots  would  be  produced. 


The  modified  curve  shows  that  the  size  of  the  hole  in  the  second,  third,  and  fourth  bumpers  is  larger  than  that  of  the 
unmodified  curve.  It  reveals  that  the  size  of  the  hole  increases  earlier  than  in  the  unmodified  bumpers,  possibly 
indicating  that  the  debris  cloud  is  being  created  earlier  for  a  modified  layer.  The  modified  bumper  is  also  20^5-  lighter 
than  the  unmtxlified  bumper.  The  modified  curve  levels  off,  or  plateaus,  at  the  fourth  and  fifth  bumper  layers,  showing 
that  the  debris  cloud  is  no  longer  increasing  in  size  but  remaining  constant.  In  the  unmodified  bumper  shields,  the 
debris  cloud  is  still  increasing  at  an  equivalent  cumulative  bumper  density.  If  the  modified  shield  had  one  more  bumper 
(a  sixth  layer),  we  feel  that  the  size  of  the  hole  in  this  layer  would  be  smaller,  and  eventually  no  hole  would  be  formed 
in  subsequent  bumper  layers  because  all  the  particle  energy  would  be  absorbed  by  the  previous  buniper  layers. 


The  AF-40  test  shots  produced  the  same  results  as  the  BF-22  shots  but  also  showed  that  the  fifth  (last)  bumper  layer 
produced  no  hole  and  therefore  absorbed  all  the  remaining  energy  of  the  debris  cloud.  A  plot  of  the  area  of  the  hole 
versus  bumper  layer  is  shown  in  Fig.  8.  We  tested  the  AF-40  Nextel  fabric  because  of  its  heavier  areal  density  as 
compared  to  BF-22  (0.08.‘i4  gm/cm’  as  compared  to  0.0474  gm/cm’).  We  felt  that  the  heavier  areal  density  fabric 
would  dramatically  show  that  our  hypothesis  was  correct:  that  by  increasing  the  unsupported  length  of  the  strands, 
the  energy  of  the  projectile  is  absorbed  by  shield  displacement  (or  strand  displacement). 


Again.  Fig.  8  shows  that  the  area  of  the  hole  created  in  each  bumper  increases  w  ith  increasing  layers  and  peaks  at 
the  third  bumper  layer.  The  area  of  the  hole  in  the  fourth  bumper  is  smaller,  and  no  hole  is  produced  in  the  fifth  layer. 
This  curve  shows  that  the  debris  cloud  stopped  growing,  or  peaked,  at  the  third  layer,  then  continued  to  decrease  in 
size.  No  hole  was  created  in  the  last  bumper  of  the  shield,  but  the  bumper  was  indented  or  cupped  (see  Fig.  9).  Also, 
the  warp  strands  were  pulled  out  of  the  taped  boundary,  showing  strand  displacement  in  the  warp  direction  and 


Fig.  7.  Modified  bumpers  show  a  nonlinear  relationship  between  the  cumulative  bumper  areal  density  and  the  area  of  the  hole 

created  in  eech  bumper  layer. 
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Fig.  8.  AF-4a  mu(tf-shock  shield  absorbed  alt  the  particle  energy  of  the  debris  cloud,  therefore  producing  no  hone  in  the  last 

bumper  layer. 

cupping  of  the  test  sample.  Strands  pulled  out  of  the  tape  in  the  warp  strand  direction  show  that  the  entire  strand  length 
reacted  to  the  load  and  that  particle  energy  was  absorbed  by  loading  the  strands  in  tension. 
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Fig.  9.  Results  of  modified  AF-dO  bumper  tests. 


Bumper  Layer  4 


resT^*^  /9^0/uT 


#4- bumpier  S  (FRONT) 


1  . 1 


-L  .  1 


Fig  9  Results  of  modified  AF-40  bumper  tests  (continued) 
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CONCLUSIONS 

We  feel  that  our  BF-22  shield  results  demonstrated  that  we  can  increase  the  rate  at  which  the  energy  of  the  debris  cloud 
is  absorbed  by  modifying  the  weaves  of  the  bumpers  to  reduce  bending  stresses  in  the  strands. 

The  AF-40  tests  showed  that  an  increase  in  the  tensile  loading  of  the  strands  (Fig.  9)  causes  the  debris  cloud  energy 
to  be  absorbed  through  displacement  of  the  bumpers. 

Woven  ceramic  shields  tend  to  move  when  subjected  to  hypervelocity  impacts;  metal  shields  do  not.  This  means  that 
methods  of  ensuring  shield  spacing  will  be  required  to  maintain  proper  spacing  for  subsequent  impacts.  It  is  also 
important  to  recognize  that  tension  in  the  bumpers  generated  by  mounting  or  deployment  hardware  will  probably 
degrade  the  ability  of  the  bumper  to  shield  against  hypervelocity  impacts.  Any  tension  preload  in  the  strands 
contributes  to  bending  stress  concentrations  and  restricts  the  ability  of  the  bumper  to  move  with  the  debris  cloud 
impact. 

Larger  test  specimens  might  be  required  to  better  simulate  the  re.sponse  of  multi-shock  bumpers  to  hypervelocity 
impacts.  Our  testing  of  a  modified  AF-40  Nextel  fabric  showed  that  the  impact  loads  were  transmitted  along  the  length 
of  the  strands  to  where  the  ends  were  taped.  It  is  easy  to  visualize  different  test  results  for  strands  that  are  securely 
fixed  and  for  strands  that  are  free  floating. 
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ABSTRACT 

The  ability  to  capture  hypervelocity  projectiles  intact  opens  a  new  technique  available  for 
hypervelocity  research.  A  determination  of  the  reactions  taking  place  between  the  projectile  and  the 
capture  medium  during  the  process  of  intact  capture  is  extremely  important  to  an  understanding  of 
the  intact  capture  phenomenon,  to  improving  the  capture  technique,  and  to  developing  a  theory 
describing  the  phenomenon.  The  intact  capture  of  hypervelocity  projectiles  by  underdense  media 
generates  spectra,  characteristic  of  the  material  species  of  projectile  and  capture  medium  involved. 
Initial  exploratoiy  results  into  real-time  characterization  of  hypervelocity  intact  capture  techniques  by 
spectroscopy  include  ultra-violet  and  visible  spectra  obtained  by  use  of  reflecting  gratings,  transmitting 
gratings,  and  prisms,  and  recorded  by  photographic  and  electronic  means.  Spectrometry  proved  to 
be  a  valuable  real-time  diagnostic  tool  for  hypervelocity  intact  capture  events,  offering  understanding 
of  the  interactions  of  the  projectile  and  the  capture  medium  during  the  initial  period  and  providing 
information  not  obtainable  by  other  characterizations.  Preliminary  results  and  analyses  of  spectra 
produced  by  the  intact  capture  of  hypervelocity  alummum  spheres  in  polyethylene  (PE),  polystyrene 
(PS),  and  polyurethane  (PU)  foams  are  presented.  Included  are  tentative  emission  species 
identifications,  as  well  as  gray  body  temperatures  produced  in  the  intact  capture  process. 

INTRODUCTION 

The  ability  to  capture  hypervelocity  projectiles  intact  opened  new  applications  in  space  science  [Tsou 
et  al.,  1984]  and  hypervelocity  research  [Tsou,  1991].  Intact  capture  refers  to  capturing  a  portion  of 
the  projectile  unmelted  and  \rith  its  original  structure  retained.  For  space  science,  planetary  and 
cosmic  particles  at  hypervelocities  can  be  captured  intact  in  space,  in  situ,  and  returned  for  detailed 
laboratory  analyses  Avithout  rendezvousing  which  is  very  costly  to  accomplish.  Sample  return  offers 
science  not  possible  by  remote  observations  or  in  situ  measurements.  Being  able  to  achieve  the  intact 
capture  of  fragments  generated  during  a  hypervelocity  impact  would  offer  important  verification  and 
characterization  of  the  event.  For  this  reason,  fragment  intact  capture  offers  a  new  tool  for 
hypervelocity  research. 

The  real-time  action  and  reaction  between  the  projectile  and  the  capture  medium  is  immensely 
important  to  understanding  the  intact  capture  phenomenon,  to  improving  the  capture  technique,  and 
to  developing  a  theory  describing  the  phenomenon.  Since  a  hypervelocity  intact  capture  event  is 
completed  in  less  than  a  fraction  of  a  millisecond,  means  to  provide  a  temporal  expansion  of  the  event 
arc  desired.  The  pursuit  of  an  in-depth  understanding  of  key  factors  of  this  new  intact  capture 
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technique  via  spectrometry  becomes  a  logical  and  needed  sequence  of  development  technology.  This 
paper  presents  the  exploratory  results  of  such  a  temporal  expansion  characterization  of  a  hypervelocity 
intact  capture  by  spectrometry.  A  wide  range  of  wave  lengths  and  means  of  spectra  acquisition  were 
examined  to  determine  the  effectiveness  of  different  approaches;  thus,  spectra  in  the  ultra-violet,  as 
well  as  the  visible,  have  been  acquired  with  prisms,  reflection  and  transmission  gratings,  and  recorded 
by  photographic  and  electronic  media.  Qualitative  understanding  gained  by  such  a  spectrometry  study 
on  the  intact  capture  process  and  the  effectiveness  of  different  spectra  acquisition  techniques  are 
discussed. 


Real-time  Characterization 

A  hypervelocity  intact  capture  event  begins  at  the  instant  a  projectile  makes  contact  with  the  capture 
medium,  and  ends  with  the  projectile  resting  at  the  end  of  a  pointed  carrot  track.  Fig.  1.  Since  the 
bulk  of  the  energy  dissipation  occurs  before  the  peak  of  the  track  expansion  and  both  the  projectile 
and  the  capture  medium  sustain  the  greatest  physical  change  during  this  time  interval,  characterizing 
the  interactions  between  the  projectile  and  the  capture  medium  material  during  this  initial  intact 
capture  phenomenon  would  contribute  the  greatest  understanding.  The  interactions  of  interest 
include  the  physical  and  chemical  reactions  of  the  two  materials  with  respect  to  time  from  entry,  and 
spatial  distribution  both  radially  and  along  the  direction  of  penetration.  Questions  of  interest  are: 
does  the  projectile  material  react  with  the  capture  medium?  how  does  dissipation  occur?  what  is  the 
instantaneous  temperature  of  the  event?  are  there  transition  species  generated? 
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Fig.  1.  Schematic  illustrating  typical  capture  track  and  indicating  region  of  spectra  origin. 

Many  real-time  measurement  tools  have  been  used  for  hypervclocity  events  such  as  various  forms  of 
imaging;  optical  imaging  tends  to  be  obscured  by  impact  flash  and  debris;  X-ray  imaging  provides 
positional  information  but  is  restricted  to  discrete  frames,  and  the  number  of  X-ray  stations  is  limited. 
Spectroscopy,  can  provide  a  spectral  image  representative  of  both  temporal  and  spatial  domains  at 
the  same  time,  given  an  understanding  of  opacity  factors.  In  this  regard,  Jongeward  and  Wilson 
[1991]  have  recently  shown  that  the  acquisition  of  optical  emission  signals  from  hypcrvelocity  impact 
can  provide  useful  diagnostics  of  structured  targets.  Both  physical  and  chemical  reactions  can  be 
deduced  from  the  spectroscopic  images.  Consequently,  in  order  to  explore  the  potential  of 
spectrometry  for  intact  capture  research,  a  wide  range  of  spectrum  acquisition  techniques  and  media 
were  evaluated. 

While  morphological  features  of  capture  media  reflect  the  residual  effects  that  have  taken  place  within 
the  retarding  medium  [Tsou,  1990]  they  do  not  inform  us  directly  of  what  went  on  during  the  time 
of  capture.  In  order  to  freeze  real-time  response  closely  associated  with  the  intact  capture  process, 
some  type  of  temporal  expansion  of  the  event  is  required  [Criffiths,  1989].  Visible  and  ultra-violet 
spectroscopy  are  capable  of  providing  such  a  frozen  time  window,  allowing  acquisition  of  data 
generated  during  the  intact  capture  process,  itself. 
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Experimental  Arrangements 

A  wide  range  of  spectrometric  arrangements  were  utilized  to  explore  the  best  approach  to  acquire 
optical  and  ultraviolet  of  the  intact  capture  process  [Buettner,  1^1],  The  various  methods  used  to 
gather  spectral  data  are  summarized  in  Table  1.  All  of  the  spectral  acquisition  experiments  were 
performed  at  the  NASA  Ames’  Vertical  Gun  Range  whose  hypervelocity  accelerator  can  launch 
projectiles  from  the  horizontal  to  the  vertical  in  six  positions.  Hydrogen  gas  is  used  for  the  second 
stage  compression  medium.  Our  experiments  were  performed  in  the  vertical  position  with  the  target 
chamber  typically  evacuated  to  a  pressure  of  5  Torr,  and  the  entire  facility  darkened  to  eliminate  stray 
light.  The  intact  capture  medium  is  placed  vertically  on  the  base  of  the  intact  chamber.  For  our 
initial  experiments,  light  was  reflected  to  the  spectrometer  through  a  large  rectangular  camera  port 
on  the  side  of  the  chamber  by  means  of  front  surface  mirrors.  Photographic  camera  shutters  were 
left  open  before  the  experiment  and  shut  manually  in  the  dark,  after  the  capture  event.  Electronic 
triggering  for  the  diode  array  is  taken  from  the  last  stage  of  the  high-voltage  spark  gap,  used  for 
incident  speed  determination.  In  order  to  avoid  mirrors  and  the  camera  port  window,  optic  fibers 
were  next  used  for  light  conduit.  Since  light  transmission  efficiency  and  size  of  the  optic  fibers  limited 
the  amount  of  light  that  could  be  directed  to  the  spectrometer,  the  spectrometer  was  subsequently 
set  up  inside  the  chamber  with  the  entrance  slit  positioned  so  that  essentially  the  entire  entry  solid 
angle  opened  on  to  the  plasma  discharge  path. 


SPECTROMETERS 

The  reflection  grating  spectrograph,  a  f/1.5  stigmatic  spectrograph,  was  developed  at  NASA  Ames 
Research  Center  and  uses  a  35  mm  Nikon  camera  as  recorder  [Borucki  1970].  The  optics  limited 
these  spectra  to  the  visible  range  of  wavelengths.  The  spectrometer  light  path  is  shown  in  Fig.  2(a). 
The  Oriel  spectrographic  system,  multi-spec  model  number  77400,  made  use  of  a  1024  element  diode 
array  detector  with  its  light  path  shown  in  Fig.  2(b).  Spectra  arc  digitized  and  recorded  on  the  hard 
disk  of  the  controlling  computer.  Transmission  grating  spectrometry  was  produced  with  a  customed 
52  mm  grating  mounted  as  a  filter  on  a  35  mm  can  ra.  The  Hilgcr  E584,  was  a  small  ultra-violet 
spectrograph,  using  4"  x  4"  film  packs,  and  its  ligb'  Uh  is  shown  in  Fig.  2(c). 


Fig.  2. 


Experimental  arrangements  of  the  major  spectrometers  used  in  this  research,  (a) 
Reflection  grating,  (b)  Oriel  Multi-Spec  77400,  (c)  Hilgcr  E584. 
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TABLE  I.  Summary  of  Experimental  Arrangements 


SPECTROMETER 

DISPERSING 

ACQUISITION 

DETECTOR/ 

DATA 

ELEMENT 

MODE 

RECORDING 

ANALYSIS 

MEDIUM 

MODE 

NASA  AMES 

Reflection 

External 

TX  50635  film 

Densitometer 

Grating 

via  Window 

ASA  1600  film 

NASA  AMES 

Reflection 

External 

Tri-X  Pan  film 

Densitometer 

Grating 

Fiber  Optics 

TMZ-P3200  film 

HILGER  UV 

Quartz  Prism 

In  Chamber 

TMZ-P3200  film 

Densitometer 

E584 

Direct 

BAUSCH  AND 

Transmission 

External 

ASA  1600  film 

Visual  and 

LOMB 

Grating 

via  Window 

Densitometer 

ORIEL 

Reflection 

In  Chamber 

1024  Element 

Digital 

MULTI-SPEC 

Grating 

Direct 

Diode  Array 

77400 

NASA  Ames  Spectrometer 

The  first  spectrum  of  an  intact  capture  event  is  shown  in  Fig.  3  [Tsou  et  al.,  1987],  and  was  obtained 
from  a  3.2  mm  diameter  aluminum  sphere  impacting  multilayers  of  10  m  ni  thick  mylar  (PET)  films 
with  the  NASA  Ames  reflection  grating  spectrograph.  The  spectrograph  was  first  positioned  outside 
the  target  chamber  of  the  NASA  Ames  Vertical  Gun  Range,  and  the  light  generated  by  impact  was 
reflected  to  it  by  means  four  first  surface  mirrors.  Subsequently,  the  spectrometer  was  successfully 
moved  to  the  inside  of  the  chamber.  The  spectra  were  recorded  on  film  and  the  intensities 
determined  as  a  function  of  wavelength  by  means  of  a  microdensitometer. 


Fig.  3. 


First  spectrum  generated  by  intact  capture.  Al  into  polystyrene  (PS)  film  .stack.  Shown 
are  three  spectral  traces  taken  at  different  locations  along  the  emission  path.  Also  shown 
is  a  portion  of  the  Mercury  calibration  .spectrum. 
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The  features  of  this  arrangement  were:  (1)  sufficient  light  intensity  to  produce  a  spectrum  on  film, 
(2)  good  sensitivity,  revealing  many  of  the  structural  details  of  the  spectrum  in  the  form  of  molecular 
bands,  and  (3)  the  spectrometer  and  camera  accepted  light  from  a  portion  of  the  impact  area  and, 
thus,  allowed,  limited  spatial  distribution.  In  order  to  achieve  true  spatial  resolution  in  which  a 
spectrum  is  essentially  recorded  at  each  point  along  the  emission  path,  it  is  necessary  that  the 
spectrometer  and  its  associated  optics  operate  in  the  stigmatic  mode. 

Characteristically,  the  amount  of  radiation  generated  in  a  foam  medium  capture  is  reduced 
considerably  from  that  of  multiple  film  media.  Multiple  scattering  of  light  within  foams  causes  much 
lower  emitted  light  intensity  than  multiple  film  medium,  made  from  the  same  polymeric  target 
material.  To  avoid  having  to  use  mirrors  and  thick  1“  camera  port  window,  efforts  were  made  initially 
to  "pipe"  the  light  out  of  the  evacuated  target  chamber  to  the  spectrometer  by  means  of  fiber  optics. 
However,  the  uncertainty  in  precisely  locating  the  impacting  point  and  its  associated  emission  path 
through  the  foams  precluded  any  guarantee  of  getting  significant  illumination  into  the  optical  fibers. 
The  low  radiation  situation  was  solved  only  when  the  spectrometers  were  physically  placed  directly 
inside  the  impact  chamber  next  to  the  target.  Even  in  this  case,  foam  target  spectra  were  successfully 
acquired  only  by  using  a  diode  array  detector. 


Transmission  Grating  Spectrometer 

If  one  could  obtain  a  spectrum  at  each  point  along  the  discharge  path,  it  would  then  be  possible,  in 
principle,  to  determine  temperature  and  emission  species  profiles  in  the  capture  track  direction.  The 
conventional  slit  spreading  does  provide  some  spatial  spread  of  a  limited  range.  A  simple  approach 
was  able  to  acquire  spectra  along  the  entire  path  of  the  intact  capture  event  along  with  a 
corresponding  visible  image  of  the  event  by  placing  a  transmission  grating  in  front  of  a  35  mm 
camera.  The  transmission  grating  has  600  lines  per  mm,  and  is  shaped  and  mounted  in  a  52  mm 
filter  frame  which  can  be  placed  on  a  35  mm  camera  lens,  much  as  a  color  filter.  Due  to  the  shift 
of  light  by  the  transmission  grating,  the  aim  of  the  target  in  the  view  finder  has  to  be  off  set.  The 
grating  causes  various  orders  of  spectral  images  to  be  placed  on  the  film.  An  example  of  intact 
capture  of  a  3.2  mm  diameter  aluminum  projectile  by  10  |rm  thick  multiple  polystyrene  films,  through 
a  transmission  grating  is  shown  in  Fig.  4.  The  spectra  are  displayed  along  with  the  actual  integrated 
light  image  of  the  captme  medium.  Note  that  the  left  side  spectral  image  indicates  clearly  the  a 
variation  of  temperature  along  the  length  of  the  path  associated  with  the  capture  process.  This 
manner  of  spectra  acquisition  clearly  provides  the  opportunity  of  determining  the  temperature  profile 
along  the  discharge  path.  Such  output  from  the  transmission  grating  -  camera  system,  therefore, 
allows  its  use  as  a  valuable  diagnostic  tool  in  the  highly  non-linear  response  of  the  target  medium  to 
hypervelocity  intact  capture. 


Fig.  4. 


Spectrum  (color)  produced  by  transmission  grating  and  35  mm  camera,  illustrating 
spatial,  as  well  as  wavelength  spreading  of  the  image.  Spectrum  is  at  left. 
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Although  the  transmission  grating  provides  a  wide  spatial  spread,  densitometer  readings  are  difficult 
to  obtain  due  to  overlappbg  of  the  multiple  higher  orders  of  the  spectrum.  Improved  orientation  may 
provide  the  desired  information  with  minimal  noise. 


Hilger  UV  Spectrometer 

While  the  Swan  bands  of  C2  are  well  known  molecular  bands  appearing  in  the  visible,  most  of  the 
distinguishing  bands  associated  with  organic  molecules  lie  outside  the  visible.  Those  associated  with 
electronic  reconfiguration  lie  in  the  ultraviolet,  while  those  associated  with  transitions  between  various 
vibrational/rotational  levels  of  a  ^ven  electronic  configuration  lie  in  the  infrared.  Additionally,  since 
the  HUger  uses  a  quartz  prism,  rather  than  a  grating,  the  problem  of  multiple  orders  does  not  arise. 

The  Hilger  E584  is  designed  so  that  its  film  plane  is  set  at  such  an  angle  to  the  direction  of  refracted 
radiation  that  the  ultraviolet  portion  of  it  receives  an  enhancement  in  the  spatial  spreading  of  its 
wavelengths.  In  this  manner,  the  Hilger  E584  is  able  to  give  an  excellent  representation  of  molecular 
emission  bands  in  the  ultraviolet. 


Multi-Spec  Diode  Array  Spectrometer 

Spectrometers  that  make  use  of  film  as  a  detector  and  recording  medium  are  restricted  in  wave  length 
sensitivity  and  require  a  high  threshold  of  light.  For  a  given  film,  spectral  sensitivity  is  restricted. 
Although  solid  state  devices  are  limited  in  active  detector  area,  they  do  have  very  low  light  thresholds 
and  allow  instant  data  for  study  and  e.vperimental  adjustments.  Films  require  at  least  a  day  for 
processing.  For  our  study,  a  1024  element  diode  array  spectrometer  from  Oriel  was  used. 

The  first  successful  acquisition  of  a  visible/uv  spectrum  generated  by  an  intact  capture  event  in  a 
foam  target  was  obtained  from  polystyrene  (PS)  foam,  and  is  shown  in  Fig.  5.  This  spectrum  was 
captured  by  the  Oriel  Multi-Spec  Spectrometer,  Model  77400,  which  recorded  the  spectrum  from 
about  200  nm  to  700  nm.  The  spectrum  was  produced  by  the  polystyrene  (PS)  foam  capturing  a  3.2 
mm  diameter  aluminum  sphere,  incident  upon  the  foam  at  a  speed  of  5.4  km/s. 


Fig.  5.  First  spectrum  generated  by  intact  capture  taking  place  in  a  foam  taken  with  Oriel  Multi- 
Spec  Spectrometer,  Model  77400.  3.2  mm  diameter  aluminum  sphere,  incident  at  5.4 
km/s  into  polystyrene  (PS)  foam. 
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ANALYSIS 

Using  these  spectrometers,  spectra  for  various  hypervelocity  capture  events  were  obtained  with  3.2 
mm  diameter  aluminum  projectiles  launched  into  multiple  films  or  foam  capture  media  at  speed 
around  6  km/s.  The  spectra  were  studied  to  address  the  objectives  of  this  effort.  Aluminum  into 
aluminum  spectra  were  obtained  to  resolve  the  source  of  some  bands. 


Spectra  Intensity  Comparison 


A  statistical  analysis,  based  on  the  assumption  of  a  normal  distribution,  was  conducted  on  data  taken 
from  the  "flat''  response  region  of  the  spectra  generated  by  3.2  mm  aluminum  spheres  incident  into 
polyethylene  (PE)  foam,  and  a  polyethylene  (PE)  film  stack,  at  speeds  of  5.5  km/s  and  5.8  km/s, 
respectively.  Fig.  6.  In  this  study,  612  and  5556  counts  were  recorded  in  100  channels  in  the  foam  and 
film  stack  spectra,  respectively.  The  result  for  the  ca.se  of  the  foam  spectrum  was  a  mean  value  of 
6.1  counts  and  a  standard  deviation  of  4.2,  while  the  film  stack  spectrum  yielded  a  mean  value  of  55.6 
counts  and  a  standard  deviation  of  4.1. 


Fig.  6.  (a)  Spectrum  from  polyethylene  (PE  L200)  foam  taken  with  Oriel  Multi-Spec  Spectrometer, 
Model  77400.  3.2  mm  diameter  aluminum  sphere,  incident  at  5.5  km/s.  Indicated  arc  the  locations 
of  CN  (0-0)  band,  and  three  Swan  bands  of  C2;  a:  (1-0),  b:  (0-0),  c:  (0-1).  (b)  Spectrum  from 
polyethylene  (PE)  film  stack  taken  with  Oriel  Multi-Spec  Spectrometer,  Model  77400.  3.2  mm 
diameter  aluminum  sphere,  incident  at  5.8  km/s.  Indicated  arc  the  locations  of  CN;  (0-0)  band,  and 
three  Swan  bands  of  C2;  a:  (1-0),  b:  (0-0),  c:  (0-1).  Also  indicated  is  a  portion  of  the  Planck  curve 
for  T  =  3100  K,  and  a  portion  of  the  Al-AI  spectrum. 


The  total  sample  count  in  the  PE  film  was  9.1  times  greater  than  that  for  the  PE  foam.  On  this  basis, 
one  would  expect  the  spread  of  readings  in  the  PE  film  to  be  increased  by  (9.1)’^  “  3.0  with 
respect  to  that  in  the  PE  foam,  with  the  result  that  the  relative  precision  of  values,  ANIN  ,  would 

vary  as  1/V^  =  0.33  ,  leading  to  an  expected  value  of  0.23  for  the  relative  precision  in  the  PE  film. 
This  is  expected  solely  on  the  ba.sis  of  the  "law  of  large  numbcr.s".  What  is  found,  however,  is  a 
significantly  lower  value  of  0.07  for  the  relative  spread  in  the  PE  film.  This  means  that  it  would 
require  getting  almost  100  times  more  counts  in  the  foam  spectrum  than  was  done  in  order  to  get  the 
same  value  of  relative  precision  achieved  in  the  corresponding  film  stack  -  a  circumstance  not  very 
likely  to  happen. 
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Spectra  Interpretation 

The  basic  qualitative  nature  of  the  emission  spectra  generated  by  the  intact  capture  of  hypervclocity 
particles  in  underdense  media:  polyethylene  (PE),  polystyrene  (PS),  and  polyurethane  (PU),  targets 
can  be  seen  in  Figs.  6  &  7.  It  is  one  of  overlapping  emission  bands  superposed  on  a  gray  body 
spectrum.  In  each  of  these  spectra,  the  shortest  wavelength  at  which  the  intensity  rises  from  the 

noise,  Xq  ,  is  readily  idcntiHcd.  This  initial  onset  of  intensity  with  wavelength  is  often  too  rapid  to 

be  due  to  thermal  emission  alone,  a  fact  which  might  serve  to  indicate  the  species  present  in  any 
unknown  underdense  capture  medium.  This  observation  also  allows  a  determination  that  the  thermal 

emi.ssion  intensity  must  be  negligible  at  any  wavelengths  shorter  than  Xq  . 

Swan  bands  of  diatomic  carbon  (C2)  occur  whenever  this  molecule  de-excites.  Since  C,  is  a 
homopolar  molecule,  the  transition  must  be  accompanied  by  an  electronic  re-configuration,  and  it  is 
this  which  puts  the  wavelengths  of  its  spectrum  into  the  visible.  If  fragments  of  the  polymeric  target 
media  are  being  produced  by  bond  breaking,  then  it  is  quite  likely  that  most  will  be  more  complex 
than  simply  C2.  Nevertheless,  one  might  still  expect  some  emission  bands  to  lie  close  to  those  of  true 
Swan  bands  for  cases  where  the  fragments  are  not  too  massive.  It  might  even  be  that  for  such  case.s, 
a  chromophoric  response  would  still  produce  bands  not  too  far  removed  in  wavelength.  The  location 
of  the  Swan  band  sequences;  (1-0)  from  466.9  nm  to  478.2  nm;  (0-0)  from  507.1  nm  to  516.5  nm; 
and  (0-1)  from  544.8  nm  to  563.6  nm  are  indicated  in  most  of  the  spectra  shown  in  this  article. 

Recent  experiments  in  which  aluminum  spheres  have  been  launched  into  aluminum  foil  targets  have 
yielded  preliminary  data  indicating  evidence  for  the  production  of  the  (0-0)  band  of  AlO  at  484.2  nm. 
Some  evidence  of  this  band  can  be  seen  in  the  spectrum  of  PE  multiple  films,  where  it  can  be  .seen 
as  a  distinct  peak  in  Fig.  6a,  and  in  that  of  PU  foam.  Fig.  7b,  where  it  appears  in  the  form  of  a 
shoulder  between  successive  Swan-like  bands.  It  is  possible  that  some  of  the  additional  structure  seen 
in  these  spectra  is  associated  with  molecular  bands  of  AlH,  centered  at  424.1  nm  and  531.5  nm. 
However,  there  does  not  appear  to  be  any  evidence  of  the  formation  of  AlC  during  the  interaction 
of  projectile  with  target  medium. 

Both  the  PE  foam  spectrum,  Fig.  6a,  and  the  PE  fdm  stack  spectrum,  Fig.  6b,  as  well  as  the  earlier 
PS  foam.  Fig.  5,  reveal  a  sharp  molecular  band  contained  between  388  nm  and  400  nm.  Ethylene 
flames  are  known  to  exhibit  a  strong  band  at  390  nm,  identified  with  emission  from  CH.  Since  this 
feature  does  not  turn  up  in  either  the  polystyrene  ringlet  (PSR)  or  polyurethane  (PU)  spectra.  Figs. 
7a  and  7b,  it  is  tempting  to  assign  its  origin  to  CH  emission.  However,  this  band  is  seen  in  the 
original  polystyrene  (PS)  film  stack  spectrum  of  Fig.  3,  and  this  raises  the  possibility  that  it  may  be 
the  (0-0)  band  of  CN  at  388.3  nm,  produced  in  the  target  chamber.  This  points  out  the  need  for  a 
number  of  additional  control  experiments  to  be  conducted,  which  will,  in  turn,  allow  definitive 
elimination  of  a  number  of  possible  sources. 


Aluminum  Spectrum 

An  3.2  mm  diameter  aluminum  projectile  was  launched  into  a  multiple  layer  aluminum  foil  capture 
medium  at  a  speed  of  4.6  km/s,  in  order  to  determine  whether  some  of  the  band  structure  observed 
in  the  impacted  foams  might  be  due  to  residual  hydrocarbon  vapors  in  the  impact  chamber  (Nicol  et 
al.,  1988).  We  have  taken  steps  to  avoid  the  acquisition  of  Swan-like  emission  bands  arising  from  any 
possible  extraneous  hydrocarbon  sources  within  the  target  chamber.  The  portion  of  this  Al  on  Al 
spectrum,  not  to  scale,  covering  the  range  of  wavelengths  from  450  nm  to  550  nm  is  shown  as  an  inset 
to  Fig.  6b. 

While  the  resulting  Al  on  Al,  or  more  likely  on  Alfiy  ,  spectrum  reveals  a  complexity  of 

■Structure,  it  is  important  to  note  that  the  (0-0)  and  (1-0)  Swan-like  band  sequences,  reen  in  the 
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impacted  foams,  are  missing  from  the  spectrum  of  impacted  aluminum.  This  supports  the  idea  that 
the  Swan-like  bands,  generated  in  our  experiments  on  foams,  are  due  to  the  de-excitation  of 
molecular  fragments  produced  by  hypervelocity  dissociation  of  the  polymer  material  comprising  the 
foam,  itself.  Some  process  of  possible  emission  source  elimination  has  to  be  pursued  at  present,  given 
emission  spectra  so  "cluttered"  with  bands  and,  possessing  such  a  wide  selection  of  possible  organic 
molecular  sources. 


Temperature  Estimation 

Any  accurate  assignment  of  a  gray-body  temperature  to  the  shocked  foam  will  require  spectral 
detection  through  the  visible  and  into  the  near  infrared.  The  wavelength  scale  for  the  spectra 
presented  in  this  article  was  calibrated  by  means  of  a  standard  mercury  arc  source.  No  absolute 
intensity  scale  was  calibrated  for  these  measurements.  It  was  possible,  however,  to  determine  relative 
intensities  by  conducting  a  normalization  of  the  spectral  readings,  knowing  both  the  wavelength 
dependence  of  the  relative  efficiency  of  the  diffraction  grating  used  in  the  Multi-Spec  77400 
spectrometer,  and  that  of  its  associated  photodiode  spectral  response  curve. 


For  the  experiments  shown  in  Figs.  7a  and  7b,  the  incident  kinetic  energy  of  the  hypcrvclocily 
projectile  (KEq)  did  not  vary  substantially  with  regard  to  the  total  energy  deposited  in  the  target. 
Black-bodv  temperatures  of  the  shocked  foams  have  been  estimated  and  their  associated  Planck 
curves  have  been  added  to  the  three  figures.  These  curves  were  determined  on  the  basis  of  a  number 
of  relative  measurements  taken  from  each  spectrum.  These  intensities  arc  proportional  to 


Na.7) 


exp(q/X7)-l 


(1) 


where  T  is  the  absolute  temperature  of  the  radiating  region  of  the  foam  target.  X  is  the  wavelength, 
and  the  constants  in  the  expression  have  the  values  Cj  =  1.191x10  ^^W’m^lsterod ,  and 
Cj  =  0.0144  mK. 
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Fig.  7.  (a)  Spectrum  from  polystyrene  ringlet  (PSR)  foam  taken  with  Oriel  Multi-Spec  Spectrometer, 
Model  77400.  3.2  mm  diameter  aluminum  sphere,  incident  at  5.6  km/s.  Indicated  are  the  locations 
of  three  Swan  bands  of  C2,  a:  (1-0),  b:  (0-0),  c:  (0-1),  and  a  portion  of  the  Planck  curve  for  T  =  27(X) 
K.  (b)  Spectrum  from  polyurethane  (PU)  foam  taken  with  Oriel  Multi-Spec  Spectrometer,  Model 
77400.  3.2  mm  diameter  aluminum  sphere,  incident  at  5.9  km/s.  Indicated  arc  the  locations  of  three 
Swan  bands  of  C2,  a:  (1-0),  b:  (0-0),  c:  (0-1),  and  a  portion  of  the  Planck  curve  for  T  =  2.500  K. 
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In  ihe  case  of  the  PSR  foam,  Fig.  7a,  the  temperature  is  estimated  to  be  between  2500  K  and  2700 
K.  This  range  of  temperatures  arises  due  to  the  undetermined  nature  of  the  spectral  intensity  at  the 
lowest  wavelengths.  In  the  event  that  the  small  wavelength  intensity  is  truly  non-zero,  independent 
of  its  source,  the  portion  of  the  Planck  curve  shown  in  Fig.  7a  is  that  associated  with  a  thermal 
radiator  at  2700  K.  Consideration  of  the  shortest  wavelength  intensity  as  some  type  of  background 
reduces  the  black  body  temperature  of  the  PSR  foam  to  25(K)  K.  These  relatively  high  temperatures 
appear  to  be  representative  of  those  produced  by  shock  heating  of  porous  materials.  As  seen  in  Fig. 
7b,  the  associated  black-body  Planck  curve  for  PU  foam  corresponds  to  a  temperature  of  2500  K, 
essentially  the  same  as  for  the  case  of  PSR  foam.  Finally,  it  is  to  be  noted  that  the  black-body 
temperature  estimated  for  the  PE  films,  and  by  comparison  of  spectra,  the  PE  foam,  is  the  highest 
of  all  capture  media,  being  well  approximated  by  a  Planck  curse  at  3100  K. 

Earlier  measurements  taken  on  shocked  polystyrene  films  and  foam  were  able  to  give  only  an 
indication  of  the  temperature  to  which  the  targets  had  been  raised  upon  impacting.  Even  there, 
however,  those  estimates  were  in  the  region  of  3000  K.  It  also  appeared  that  the  difference  in 
temperature  between  the  shocked  foam  and  shocked  film  stacks  was  not  significant.  Table  II  lists  the 
black-body  temperatures  determined  for  the  underdense  media  studied  in  this  work. 


TABLE  II.  Summary  of  Estimated  Temperatures 

MEDILM _ PSR _ PE _ PU _ 

TEMPERATURE  2500  -  2700  3100  2500 

(K) 

CONCLUSIONS 

It  has  been  demonstrated  that  it  is  possible  to  collect  visible  and  ultra-violet  spectra  generated  by 
intact  capture  o.  hypervelocity  particles  with  a  very  high  level  of  confidence  in  obtaining  viable 
data.  Bond  breaking  is  one  mode  of  energy  dissipation  and  gives  rise  to  the  formation  of  sub¬ 
polymeric  molecular  fragments.  Experimental  confirmation  of  this  has  been  provided  by  the 
spectra,  all  of  which  display  molecular  bands  similar  in  location  and  character  to  the  Swan  bands 

of  diatomic  carbon,  but  arising  from  species  of  the  form  Cj  'X ,  where  X  is  some  additional  sub¬ 
complex  associated  with  the  parent  monomer. 

Additional  bands  associated  with  AlO,  and  possibly  AlH,  but  not  AlC,  give  evidence  of  standard 
chemical  reactivity  taking  place  between  the  projectile  and  target  medium  during  the  intact 
capture  event.  The  requirement  to  distinguish  between  what  appears  to  be  either  the  (0-0)  band 
of  CN  or  a  CH  band  emphasizes  the  need  to  examine  spectra  generated  by  different  polymeric 
capture  media,  under  a  variety  of  environments.  It  is  only  by  such  an  approach  that  various 
possible  sources  of  molecular  bands  can  be  conclusively  eliminated. 

These  experiments  have  also  shown  that  it  is  possible  to  a.ssign  a  gray  body  temperature  to  the 
source  region  by  spcctromctric  means.  Moreover,  the  transmission  grating  -  camera  arrangement 
has  the  potential  to  serve  as  a  valuable  diagno.stic  tool,  since  it  is  able  to  determine  a  spatial 
profile  of  the  temperature  within  the  emitting  region.  Visible  and  ultra-violet  spectroscopy  of 
intact  capture  provides  insight  ultimately  leading  to  improvement  in  the  design  of  capture  media, 
since  it  provides  a  means  of  determining:  (1)  the  number  and  type  of  polymeric  bonds  (single, 
double,  ring)  being  broken  under  impact;  (2)  the  reactivity  of  projectile  and  target;  and,  (3)  the 
temperature  to  which  the  capture  medium  and  projectile  have  been  elevated.  It  is  an 
understanding  of  the  playoff  between  the  rate  of  bond  breaking  and  the  amount  of  temperature 
elevation  that  will  determine  the  optimum  underdense  medium  for  use  in  future  intact  work. 
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Finally,  it  is  concluded,  on  the  basis  of  the  success  of  these  initial  experiments,  that  it  should  be 
feasible,  and  certainly  helpful,  to  conduct  time-resolved  spectroscopy  on  the  intact  capture 
process.  These  arrangements  would  take  a  form  similar  to  those  used  by  Boslough  and  Ahrens 
[1989],  and  Radousky  and  Mitchell  [1989],  who  have  measured  time-dependent  shock 
temperatures  in  other  media  under  different  conditions.  Such  experiments  could  identify  the 
reactions  taking  place  in  the  contact  zone  at  the  time  they  occurred,  as  well  as  the  dynamics 
governing  the  rate  at  which  energy  is  transported  out  of  the  impact  region. 
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ABSTRACT 

A  hypervelocity  fragment  launcher  based  on  an  inhibited  shaped  charge  was  developed,  which  launches  a  0.5- 1.0  g 
aluminum  fragment  at  1 1 .2±0.2  knVs.  Experimental  and  computational  work  performed  during  its  development  are 
presented.  The  launched  fragment  is  characterized  by  in-flight  flash  radiography  and  impact  crater  examination. 


INTRODUCTION 

Impacts  on  spacecraft  and  satellites  from  orbiting  debris  in  space  are  a  growing  concern,  due  to  the  amount  of  debris 
and  the  potentially  high  impact  velocities.  Low  Earth  orbital  velocity  ranges  from  7.3  to  7.8  km/s.  Space  Station 
Freedom  will  have  an  orbital  velocity  near  7.7  km/s  (NASA,  1991).  Debris  in  orbits  with  differing  inclination  angles, 
but  similar  heights,  have  similar  velocities.  If  a  is  the  difference  in  inclination  angle  between  two  intersecting  orbits, 
then  the  impact  velocity  is  given  by 


=  V2-2cosa  v„,i,„  ( 1 ) 

A  collision  between  a  spacecraft  and  debris  in  polar  and  equatorial  orbits  (a  =  90°)  would  occur  at  a  velocity  of 
10.9  km/s  for  v^,^,,  =  7.7  km/s,  while  a  collision  between  a  spacecraft  and  debris  in  standard  and  retrograde  orbits 
(a=  180°)  would  occur  at  15.4  km/s.  Thus,  to  test  shielding  concepts  for  spacecraft,  it  is  necessary  to  perform 
laboratory  impact  tests  in  the  1 1  to  15  km/s  regime.  Two-stage  light  gas  guns  are  able  to  launch  projectiles  at  speeds 
up  to  9  km/s.  To  launch  projectiles  at  higher  velocities,  we  began  examining  explosive  launching  techniques. 

Metal  lined  shaped  charges  are  able  to  produce  metal  jets  with  tip  speeds  over  lOkm/s.  In  the  1960’s,  the  concept  of 
using  a  shaped  charge  and  severing  the  high  velocity  jet  to  isolate  the  jet  tip  as  a  fragment  was  investigated  (Kronman 
and  Merendino,  1963,  Merendino,  et  al.,  1963,  Wenzel  and  Gehring,  1965,  Wenzel,  1986).  However,  a  series  of 
recent  tests  revealed  limitations  of  the  previous  work  (Tullos,  et  al.,  1988).  An  experimental  and  computational 
modeling  program  was  initiated  to  re-examine  the  concept  and  attempt  to  design  a  hypervelocity  fragment  launcher 
based  on  an  inhibited  shaped  charge. 

This  paper  first  presents  a  brief  overview  of  shaped  charge  jets  to  suggest  the  possible  applicability  and  performance 
of  an  explosive  fragment  launching  device.  Experimental  and  computational  results  are  then  presented  to  provide 
information  on  the  liner  collapse  process;  this  information  was  used  in  the  design  of  the  charge.  The  simulations  were 
not  sufficiently  accurate  to  perform  the  complete  design  on  the  computer,  due  as  much  to  a  lack  of  material  response 
information  at  the  extreme  pressures  and  strain  rates  involved  as  to  numerical  inaccuracies.  Also,  the  simulations 
were  two  dimensional,  and  the  final  charge  design  was  three  dimensional,  having  asymmetric  components.  During 
the  design  process,  there  was  a  strong  interplay  between  the  experimental  work  and  computational  work,  both  of 
which  led  to  a  conceptual  understanding  of  the  collap.se  and  subsequent  jet-inhibitor  interaction.  Numerous  exper¬ 
imental  tests  and  the  synergism  between  the  experiments  and  the  computations  led  to  an  understanding  of  the  device 
and  a  working  hypervelocity  fragment  launcher. 

The  launched  aluminum  fragment  has  a  length  to  diameter  ratio  (17D)  between  3  and  4,  with  a  nominal  diameter  of 
5  mm.  Its  mass  ranges  from  0.5  to  1 .0  gram.  Occasionally,  the  fragment  rotates  in  flight,  which  led  to  a  confirmation 
that  the  fragment  is  hollow.  The  velocity  of  the  fragment  is  1 1 .2+0.2  km/s.  At  the  end  of  the  article,  flash  radiographs 
of  the  fragment  and  a  photograph  of  a  crater  produced  in  a  large  aluminum  ttu'gei  are  presented. 


THE  SHAPED  CHARGE  APPROACH 
Shaped  Char^e.s 

The  explosively  driven  collapse  of  a  metal  lined  cavity  pnxluces  a  high  velocity  metal  jet  of  relatively  great  length 
(for  an  overview  of  shaped  charges,  see  Walters  and  Ziikas,  1989).  For  shielding  analysis,  a  high  veltKity  fragment 
with  an  L/D  =  1  would  be  ideal.  To  take  advantage  of  the  high  velocities  produced  by  shaped  charges,  it  is  necessary 
to  isolate  a  fragment  at  the  leading  tip  of  the  jet. 
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Fig.  1.  X-ray  views  from  an  aluminum  30°  liner  angle 
charge.  The  left  figure  at  65  os  after  detonation  of  the 
charge  shows  the  intact  jet,  and  the  right  figure  at  115  os 
shows  the  fragmenting  jet. 


The  long  jet  formed  by  the  shaped  charge  has  a  large 
velocity  gradient.  This  gradient  eventually  causes  the  jet 
to  break  into  small  fragments.  Figure  1  shows  a  portion 
of  an  aluminum  jet  from  a  30°  conical  shaped  charge 
whose  explosive  component  was  Octol  70/30.  The  jet  tip 
is  travelling  at  11.1  km/s.  The  left  frame,  at  65  os  after 
initiation,  shows  the  long  stretching  jet  and  the  second 
frame,  at  1 1 5  os,  shows  the  jet  shortly  after  breaking  into 
fragments.  The  fragments  have  an  L/D  ranging  from  1  to 
5.  The  large  jet  tip  is  evident. 

The  high  speed  leading  fragment  of  the  jet  would  be  an 
excellent  projectile  for  hypervelocity  impact  testing.  To 
remove  the  unwanted  trailing  fragments,  material  is 
placed  within  the  cavity  of  the  shaped  charge.  This 
material  inhibits  the  formation  of  the  majority  of  the  jet, 
and  hence  will  be  referred  to  as  an  "inhibitor."  The 
inhibitor  allows  the  jet  tip  to  form,  but  removes  most  of 
following  jet  material.  Only  the  leading  fragment  is 
allowed  to  travel  down  the  flight  line. 

Jet  Incoherence  and  Expected  Velocities 

It  has  been  observed  that  in  some  shaped  charge  jets 
there  is  a  large  radial  component  to  the  jet  velocity, 
resulting  in  a  radial  expansion  of  the  jet  material  as  it 
travels  down  range.  This  is  referred  to  as  incoherence  of 
the  jet.  For  example.  Fig.  2  shows  the  tip  of  an  aluminum 
jet  for  a  20°  liner  angle  with  Octol  70/30  explosive.  The 
jet  tip  is  travelling  at  12.0  km/s,  but  is  undergoing  radial 
expansion  (this  result  for  aluminum  agrees  with  that  of 
Kronman  and  Merendino,  1963).  An  incoherent  jet  will 
not  produce  a  desirable  fragment  for  space  debris  simu¬ 
lation,  since  it  is  breaking  into  many  pieces. 

A  large  amount  of  research  has  been  performed  on  jet 
incoherence.  In  general,  there  seems  to  be  a  jet  tip 
velocity  below  which  the  jet  is  coherent,  and  above 
which  it  is  not  (Walters  and  Zukas,  1989,  Chanteret. 
1992).  This  velocity  depends  on  the  liner  material  and 
the  shape  of  the  cavity  (for  example,  the  liner  angle  for  a 
conical  charge).  Different  jet  tip  velocities  for  a  given 
material  can  be  achieved  by  using  different  cavity 
geometries  and  explosives  with  different  detonation 
velocities. 

A  starting  place  for  the  design  of  a  hypervelocity 
launcher  is  the  charge  with  the  highest  jet  tip  velocity  for 
a  coherent  jet.  An  exact  analytical  expression  for  the 
maximum  coherent  jet  tip  velocity  has  not  been  found, 
and  so  charge  designers  use  empirical  expressions  to 
estimate  this  quantity.  Most  of  these  expressions  com¬ 
pare  the  velocity  at  which  the  liner  material  is  moving 
into  the  collapse  region  with  the  sound  speed  of  the 
material.  One  such  expression  is 

V,<1.23Co  (2) 

In  this  equation  V,  is  the  velocity  at  which  the  liner 
material  is  moving  into  the  collapse  region  and  c,,  is 
usually  taken  to  be  the  bulk  sound  speed  of  the  liner 
material.  A  heuristic  interpretation  of  this  equation  is 
that  the  flow  must  be  subsonic:  the  collapse  velocity  V, 
must  be  less  than  the  sound  speed  of  the  highly  com¬ 
pressed  material  in  the  vicinity  of  the  collapse  point 
(hence,  the  1.23  factor).  This  expression  .seems  to  hold 
for  a  number  of  materials,  where  V',  is  obtained  from  an 
analytic  shaped  charge  mtxlel  or  a  hydrocode  calcula¬ 
tion.  The  calculation  which  provides  Vj  also  provides  the 
jet  tip  velocity,  thus  allowing  the  detemiination  of  the 
maximum  coherent  jet  tip  vckKity. 
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More  direel.  however,  iv  .ino’.her  expression  iiseil  tor  |el  eoherenev 
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This  expression  ( V\'. liters  .iml  /iikas.  lOSO  i  more  simplx  si.nes  th.n  il-.e  m.iximiim  lei  tip  \  eloeitv  is  2.4 !  times  the  bulk 
sound  speed  ot  the  liner  muten.il,  and  thus  eombines  el  texts  ot  tiieli  pressure  .un.1  eh.iree  eeomeirv  into  one  eonstant. 
(Chanteret.  1002,  sujtjtests  2.46  rather  than  2.41.  ami  th.ii  even  hipliet  |el  tip  veloeities  .ire  possible  depending  on  the 
aetual  geometry  and  explosive  ot  the  eharee.  i  .Mihough  tiinher  removed  trom  [ihy  sie.il  meaning,  livj.  i  .i  ns  also  based 
on  empineal  results,  and  in  I'.ible  1  it  is  usevl  toestim.ite  the  m.iximum  tij'  veloeity  lor  v.irious  m.iteri.ils  The  last 
eolumn  lists  eoherent  jet  tip'  velixtilies  observeil  l'i>r  the  m.iterials:  the  .iluminum  value  is  from  this  researeh.  and  all 
other  v  alues  are  Iroin  Chanteret  1 1902). 


Table  I.  Coherent  Jet  Tip  N'eUvities 


Matenal 
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Bulk  Sound  Speed 
(kllVsl 

M.iximum  Coherent  Jet 
Tip  A'elosiiy  iTrom  Tq.  .C 

1  km,  s ! 

( fbserved  Coherent  Jet  'Tip 
\  ekviiy 

1  km/s ) 

.Aluminum 

12.9 

1 1.5 

Copper 

.v94 

9  50 

■Molybdenum 

.•i.12 

12..' 

i:..' 

Nickel 

4  60 

11.1 

1  1.4 

.Steel 

4.57 

1  1.0 

10.7  t  Iron  i 

Aluminum  is  the  most  eommon  struetur.il  materi.il  lor  s.itelhtes.  .Although  ilensity  estmi.ites  for  s[i.iee  debris  .ire 
debris  si/e  dependent  (NAS  A,  1991  i.  estim.ites  iisu.illy  pl.iee  it  ne.it  th.it  of  .ihimiiuim.  Aeeording  to  iuj.  i i.  it  should 
be  possible  to  destgn  a  charge  which  vcoukl  pnHiiice  .i  coherent  .iluminum  jet  ti;'  travelling  at  1 2.9  knds.  I-'or  a  conical 
charge  with  an  aluminum  liner,  it  is  possible  to  plot  the  tet  tip  veli'sily  versus  liner  angle.  This  is  done  for  the  Octol 
70/ '()  explosive  in  fig.  using  the  SC  Id  minlel  I  thick  lev ,  I9‘)0i.  I::  our  experiments  using  .in  ( )ctol  “O/.'O  explosive 
and  conical  aluminum  liners.  ,i  .'O'  liner  .ingle  priHiuced  ,i  coherent  let  travelling  at  11.2  kttvs.  w hile  .i  20  liner  .ingle 
produced  an  incoherent  lei  tr.ivelling  at  1 2.0  km/s.  I  he  l.ict  that  aluminum  does  not  seem  to  tollow  Tq.  t  .C  has  been 
noted  by  other  researchers  i  Chanteret,  1602 1.  and  ex['eriment.illy  it  .ip'pe.irs  ih.it  the  t.istest  coherent  lei  [lossible  w  ith 
aluminum  h.is  a  jet  tip  velocity  less  ih.in  1  l.(i  km, s  I  i|ii.ilion  i  m  does  .ijipear  to  hold  for  other  materi.ils.  and  the 
corresponding  coherent  let  :ip  veliKiiies  lor  m.iny  other  m.iien.iK  h.oe  t'eeii  .ichieved  I  hiis.  the  lechnujiie  described 
111  this  report  should  be  .ipplic.ible  to  the  hy perveiocity  1, lunching  ot  Ir.igmeiits  ot  other  m.iteri.ils. 
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1  he  hy  [lervelov  ily  Ir.igmenl  l.iiincher  design  vv.is  b.ised  on  ,in  .ilummum  lined  coins .il  sh.ij'ed  ch.irge.  slunv  n  in  lag.  4 
,As  discussed  .ibove.  initial  exj'erimenis  showevl  lh.it  .i  20  liner  .ingle  did  not  [iriKliice  ,i  soherenl  let  Therefore,  .'0 
liner  .ingle  eh.irges  were  ex.imined  in  tests  .mil  compiit.ilions  (( irosch. ,  i .  1 6'»| ,  .md  this  rese.in  h  i.  T.irly  tests  used 
the  cup  sh.iped  apex  depicted  in  tag.  4  The  cup  sh.i|iei!  ,i|'ex  w.is  inui.illv  .ulopled  since  Kronm.in  and  Merendiiio 
I  |6(iC  ti.is  used  such  a  design  It  w.is  thought  that  .)  l.irgei  |el  li('  might  I'e  ['rodiiced  by  sm  h  .in  .ipex  .More  recent 
tests  iilili/e  .1  hemis)iheric,il  .ii'ev.  w  Inch  [irodiices  .i  mote  lej'e.it.il’ie  let  tip  The  l.ner  .v  ,is  m.ide  ot  1  100  ( )  .iluminum. 
The  exj'losive  w.is  ( )ctol  70  '0.  .ind  w  .is  in i tuned  bv  .ui  Kl  ).\  t'oostet  pellet  .n  the  top  ■  ;  ilie  s  h.iige  The  ch.irge  height 
W.IS  1  ■s  ts  ,|,ui  1.  barge  di.imeier  w.is  (i  s  cm 

Tests  were  pei  tormed  both  in  .iimos)iheie  .ind  in  .in  ev  ,k  u.ited  i  ti.iii  b.a  In  liie  tests,  me  dimensions  ot  iT.e  inhibitor 
were  v.iried  I  wo  p.iir  of  oilhogon.il  II. oh  \  i.ivs  weie  used  to  im.iee  ti  e  let  in  lliehl  I  lu'se  mdioei.g'lis  were  iise,! 
to  determine  the  iiitlueiise  ot  ih.inges  m  the  inhibitor  oi.  the  let  tip  Ihe  staters  lesiiltmg  trom  the  im’p.ist  ot  tlie  let 
with  .iluminum  t.irgels  weie  .iNo  studied  Toi  the  lest-  .i!mos|'!:ur,'  the  staiidott  tioir.  tile  t.ireet  w.is  I  tOem.  ,ind 
X  r.iv  he.  Ills  were  centered  at  4  I  mi  ,ind  ‘>2  v  an  I  tom  ilie  I'.oe  o!  •'  ,  'i.iiei  dong  itm  t  hei't  line  Tot  the  tests  in  the 

ev  ,11 11,1  led  i  h,i  ruber,  the  si.mdolt  trom  the  t. it  eel  w.o  '  j  ,  ;ii.  .ur.i  \  i.iv  lie.  ids  were  .  c  ten  d  .it  20  '  sin  .'.nd  2.''  1  sin 

trom  tile  tcoe  ol  the  s  ti.irge  .ilong  the  tliglil  line  h  -is  ;n  ih.e  ev .  .  ■  ited  .  h.imbei  weis-  t'ei  tor  rued  .it  ,i  j'ressure  ot 

'  lorr  lei  1 1 p  V  ell K  itk's  w e'c  I 'bt. lined  tiotn  lov  .ilion  m, a -.aeir e  \  lav  i .ntioeMrii s  i  ‘w  n  ;  nj'  \ elos  ilies 

V  ei  \  r e|'e,il  li'k- ,  w  II Im,  aa  ii ji  v  ehs  it v  ot  11  •  o  .'  k 'o  ' 
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Fig.  3.  Jet  tip  velocity  versus  liner  angle,  based  on  a  Fig.  4.  The  shaped  charge  and  inhibitor  set-up  and 
one-dimensional  shaped  charge  model.  The  dots  are  terminology, 
experimental  values. 

In  early  testing,  flash  radiographs  revealed  that  when  a  fragment  exited  the  charge,  it  was  followed  by  trailing  debris. 
This  debris  was  unlike  the  fragments  following  the  jet  tip  seen  in  Fig.  1 ,  in  that  the  particles  were  smaller  and  were 
spread  over  a  larger  region.  The  inhibitor  removed  most  of  the  jet,  but  additional  trailing  debris  exited  the  charge. 
The  computational  results  were  therefore  carefully  examined  to  gain  a  greater  understanding  of  jet  formation  and 
inhibitor  interaction  to  suggest  an  approach  for  removing  this  trailing  debris. 


COMPUTATIONS 

A  series  of  computations  modeled  the  shaped  charge  jet  formation  (Walker,  1991).  These  were  done  concurrently 
with  experiments,  and  were  used  to  aid  in  the  interpretation  of  experiments  and  suggest  further  refinements  in  the 
inhibitor  design.  Interestingly,  the  experimental  results  also  aided  in  the  interpretation  of  the  computations. 
Lagrangian  cdculadons  were  performed  with  the  hydrocode  EPIC  (Johnson  and  Stryk,  1986)  and  Arbitrary 
Lagrangian-Eulerian  calculations  were  performed  with  the  hydrocode  CALE  (Tipton,  1990).  The  liner  and  inhibitor 
were  modeled  as  elastic-perfectly  plastic,  with  relatively  low  flow  stresses,  and  with  a  Mie-Grueneisen  equation  of 
state.  The  explosive  was  modeled  with  the  JWL  equation  of  state,  with  a  detonation  velocity  of  8.48  kin/s.  The 
collapse  process  was  modeled  in  detail,  as  was  the  inhibitor  response.  There  were  three  primary  results  of  the  com¬ 
putations: 

1 )  It  was  determined  that  the  inhibitor  should  be  made  of  a  dense  material,  instead  of  the  low  density 
plastic  used  previously  (Kronman  and  Merendino,  1963).  Subsequently,  copper  was  used  in  testing. 

2)  It  was  revealed  that  the  inhibitor  collapse  was  not  actually  cutting  the  jet.  Rather,  the  inhibitor  was 
pinching  down  on  the  jet,  causing  the  portion  of  the  jet  already  formed  to  stretch  and  fragment  This 
isolated  the  jet  tip  as  a  large  fragment,  but  also  created  the  debris  immediately  following  it.  This 
understanding  of  the  origin  of  the  debris  suggested  techniques  for  its  removal. 

3)  The  computations  provided  information  on  jet  material’s  original  location  in  the  liner,  as  well  as  the 
path  this  material  was  traversing  as  it  travelled  from  the  liner  to  the  collapse  region,  and  into  the  jet. 
The  material’s  path  (location  versus  time)  was  helpful  in  determining  the  geometric  arrangement  of  the 
inhibitor  and  the  asymmetric  insert  placed  within  the  charge  cavity.  The  computations  identified  which 
material  in  the  liner  needed  to  be  given  an  off-axis  velocity  component,  and  where  the  insert  should  be 
located  to  provide  it. 

Each  of  these  results  would  have  been  very  difficult  to  obtain  experimentally,  as  it  would  have  taken  extensive  testing 
and  the  use  of  X-ray  techniques  for  looking  inside  the  liner  and  inhibitor  during  the  collapse.  Each  will  be  discussed 
in  more  detail  below.  Also,  calculations  were  performed  with  both  cup  and  hemispherical  apexes  to  verify  that 
inhibitor  geometry  did  not  need  to  be  altered  due  to  the  change  in  apex  design. 

Lagrangian  Cakuiations 

The  intent  of  early  calculations  was  to  determine  the  appropriate  size  and  shape  for  the  inhibitor.  Different  heights 
and  materials  for  the  inhibitor  were  examined.  The  major  result  of  the  Lagrangian  computations  was  that  a  more 
dense  material  should  be  used  for  the  inhibitor.  In  the  early  work  (Kronman  and  Merendino,  1963)  a  plastic  had  been 
used.  However,  in  the  computations  this  material  was  ineffectual  in  cutting  the  jet.  Calculations  with  inhibitors  made 
of  various  materials  convinced  us  that  material  inertia  is  more  important  than  strength  in  cutting  the  jet.  In  the  present 
design,  the  inhibitor  is  made  of  copper,  a  relatively  den.se  material. 
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Calculations  were  also  done  to  investigate  inhibitor  heights  and  shapes.  Three  different  top  designs  were  examined; 
these  included  a  flat  top  (P  =  0)  and  tops  with  angles  p  =±45“  (see  Fig.  4).  In  the  EPIC  computations,  the  resulting 
jet  after  pinching  was  the  most  narrow  for  the  +45“  slope.  This  design  was  adopted. 

Due  to  the  way  jet  collapse  occurs,  it  was  not  possible  to  sever  the  jet  computationally.  Based  on  observed  collisions 
between  and  jet  and  inhibitor,  and  the  subsequent  narrowing  of  the  jet,  it  was  possible  to  infer  where  cutting  would 
probably  occur.  This  is  an  underlying  difficulty  in  the  Lagrangian  calculations,  since  the  cutting  of  the  jet  to  produce 
a  single  fragment  was  the  program  objective.  To  learn  more  from  compulations,  it  was  necessary  to  transition  to  an 
Eulerian  formulation.  It  was  thought  such  an  approach  would  allow  the  examination  of  the  separation  of  the  jet 
material  to  form  a  fragment.  However,  the  jet  tip  separation  process  is  quite  complicated,  and  even  Eulerian  formu¬ 
lations  were  not  be  able  to  treat  the  fragmentation  which  occurs.  Thus,  inferences  regarding  the  formation  of  the 
fragment  were  still  necessary. 

Arbitrary  Lagrangian-Eulerian  Calculations 

Arbitrary  Lagrangian-Eulerian  (ALE)  codes  allow  the  grid  motion  to  be  independent  of  the  material  motion.  If  the 
grid  is  fixed,  the  calculation  is  purely  Eulerian.  If  the  grid  moves  with  the  material,  the  calculation  is  purely 
Lagrangian.  ALE  is  between  these  two  extremes.  The  grid  has  its  own  equations  of  motion,  and  the  grid  can  move 
independently  of  the  material  motion  or  be  linked  to  the  material  motion  in  some  fashion. 

In  the  ALE  calculations,  the  zoning  roughly  moved  with  the  jet  material,  making  it  possible  to  maintain  fine  zoning 
in  the  jet  even  though  it  was  impractical  to  cover  the  entire  region  of  interest  with  fine  zoning.  In  this  sense,  the  ALE 
approach  was  very  beneficial.  The  ability  of  the  material  to  move  independent  of  the  mesh  (Eulerian)  avoided  very 
small  zones  due  to  the  large  deformations  in  the  jet  collapse.  The  ability  of  the  mesh  to  loosely  follow  the  materii 
(Lagrangian)  kept  relatively  fine  zoning  in  the  area  of  interest  as  the  jet  travelled  along  the  flight  line. 

Severing  of  the  Jet 

The  ALE  calculations  led  to  a  (presumably)  fairly  accurate  picture  of  what  was  happening  during  the  liner  collapse, 
and  how  the  jet  was  being  severed. 

It  was  learned  that  the  inhibitor  was  not  cleanly  cutting  the  jet.  Rather,  the  jet  was  being  "cut"  in  three  steps.  First, 
the  initial  part  of  the  jet  forms.  The  jet  tip  begins  traveling  down  the  axis  of  symmetry,  through  the  hollow  inner 
diameter  of  the  inhibitor.  Second,  when  the  detonation  front  reaches  the  inhibitor,  the  inhibitor  begins  an  inward 
radial  collapse  which  clamps  down  on  the  jet.  As  the  inhibitor  is  quite  dense,  this  greatly  decelerates  the  portion  of 
the  jet  which  comes  in  contact  with  the  collapsing  inhibitor.  Third,  a  large  velocity  gradient  in  the  jet  results,  where 
the  jet  tip,  with  a  velocity  of  roughly  1 1  km/s,  is  traveling  much  faster  than  the  portion  of  the  jet  trapped  by  the 
inhibitor.  A  region  of  the  jet  between  the  jet  tip  and  the  top  of  the  inhibitor  then  stretches  and  fragments.  The  jet  tip 
survives  as  a  large  fragment,  and  numerous  small  trailing  fragments  are  created. 

This  sequence  of  events  can  be  seen  in  Figs.  5,  6,  and  7.  Figure  5  shows  the  initial  geometry  comprised  of  an 
aluminum  liner  and  a  copper  inhibitor  with  5.08  cm  height  and  1.19  cm  inner  diamete..  an  aluminum  base  plate  on 
which  the  charge  rests  with  a  1 .27  cm  hole,  as  well  as  a  .steel  supporting  structure.  The  cavity  is  fiUed  with  air. 
Figure  6  is  a  .sequence  of  material  boundary  plots  from  the  collapse,  from  8  ps  to  19ps.  By  10  ps,  the  jet  tip  is  formed. 
The  "wing-tip"  shape  of  the  jet  tip  is  due  to  the  cup  shaped  apex  of  the  liner  —  it  does  not  occur  for  a  hemispherical 
or  conical  apex.  During  this  early  collapse,  the  aluminum’s  trip  from  its  original  liner  ItKation  (measured  from  the 
time  of  arrival  of  the  detonation  front)  to  the  jet  takes  roughly  4  ps.  By  the  time  it  reaches  the  jet.  the  aluminum  has 
been  plastically  strained  nearly  400%.  This  corresponds  to  plastic  strain  rates  on  the  order  of  10'’  s  ’  (4/4  ps  =  10‘  s  '). 
At  15  ps,  a  section  of  the  collapsing  liner  collides  with  the  top  of  the  inhibitor  (p  =  +45°),  almost  simultaneously  along 
the  whole  top  of  the  inhibitor.  This  collision  behavior  is  part  of  the  reason  the  slanted  p  =  +45“  top  was  chosen.  The 
explosive  now  begins  driving  the  inhibitor  closed,  and  liner  material  touching  the  inhibitor  nearly  comes  to  a  stop  due 
to  the  density  and  volume  of  the  inhibitor.  At  16  ps,  the  top  of  the  inhibitor  begins  to  collapse,  and  by  19  ps  it  is 
clamping  down  on  the  jet. 
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Between  16  ps  and  19  ps,  the  jet  tip  travels  3.4  cm, 
which  gives  it  a  velocity  of  1 1 .3  km/s.  The  front  3  cm  of 
the  jet  has  passed  by  the  top  of  the  inhibitor  before  the 
collision  between  the  inhibitor  and  the  liner,  and  now 
appears  to  travel  without  alteration  in  shape.  The  jet 
material  between  the  jet  tip  and  the  inhibitor  is  under¬ 
going  large  tensile  deformations.  Plastic  strain  rates  in 
this  region  of  the  jet  are  between  10’  s  '  and  1()‘  s  '.  This 
large  stretching  tears  the  jet  apart.  To  see  this,  consider 
the  upper  half  of  the  sequence  in  Fig.  7,  which  is  a  den¬ 
sity  plot  for  a  different  computation  (the  lower  half  of  the 
figure  will  be  discussed  in  the  next  section).  At  15  ps 
(Fig.  7d)  the  collision  with  the  inhibitor  has  just  occurred 
and  the  jet  has  not  yet  begun  to  stretch.  The  density 
throughout  the  jet  is  uniform.  At  1 6.5  ps  (Fig.  7e)  the  jet 
has  begun  to  stretch,  and  in  the  density  plot  the  decrease 
in  density  is  the  darker  region  within  the  jet.  At  20  ps 
(Fig.  70  the  region  of  the  jet  between  the  inhibitor  and 
the  intact  jet  tip  has  a  low  density,  implying  material 

separation.  aluminum  plate,  and  steel  support. 


Fig.  5.  Initial  geometry  showing  liner,  copper  inhibitor. 
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Fig.  6.  Sequence  of  frames  showing  the  collapse  of  liner  and  interaction  with  inhibitor  at  8  ps  to  19  )as. 


In  the  calculations,  this  region  continues  to  stretch,  as  there  is  no  mechanism  tn  the  computer  code  for  fracture  of  the 
material.  However,  in  the  actual  physical  event,  the  large  tensile  stresses  cause  the  jet  niatenal  to  fracture  mA 
fraement.  The  front  region  of  the  jet  is  nearly  unaffected  by  this  fragmentation,  forming  the  desired  large  fragment, 
but  the  region  with  the  large  tensile  gradient  breaks  into  pieces.  These  pieces  form  a  debns  cloud,  which  follows  the 
main  fragment.  For  a  clean  fragment,  this  debris  must  be  removed. 

The  Sliced  Liner  Calculations 

To  overcome  some  of  the  difficulties  in  eliminating  trailing  debris  in  the  tests,  a  better  understanding  of  the  jet 
material’s  original  location  in  the  liner  was  needed.  Following  Walters  and  Gobski  (1987),  the  aluminum 
sliced  into  pieces  of  width  0.5  cm.  Each  slice  was  identified  in  the  code  as  a  differenct  region,  making  it  possible  to 
follow  each  slice  of  the  liner  separately  throughout  the  calculation. 

Six  different  times  from  the  calculation  with  a  sliced  30’  liner  are  shown  in  Fig.  7.  The  upper  half  oj  each  figure  is  a 
density  plot,  with  the  grey  scale  to  the  right  indicating  density.  The  initial  densines  of  aluminum  (2  70  g/cm  )  ^d 
copoer  (8.93  e/cm^)  have  been  identified.  At  the  center  of  collapse,  where  pressures  ^e  slightly  above  0.5  Mbar,  the 
alutmnum  has  been  compressed  to  a  density  of  3.6  g/cm\  This  region  is  often  referred  to  as  a  stagnation  ^int 
because  material  remains  there  on  the  dividing  line  between  flow  into  the  jet  and  flow  in  the  opposite  direcnon  mo 
the  slue.  The  lower  half  of  each  figure  shows  the  region  shading.  In  the  original  work,  each  slice  was  color^,  but  in 
this  paper  the  figures  have  been  reproduced  in  black  and  white.  The  aluminum  liner  is  represented  by  five  shades  for 
each  of  five  different  regions. 

In  Fig  7b  (10  us)  the  detonation  front  in  the  explosive  is  marked,  and  is  discemable  in  the  density  plot  by  a  slight 

compression.  The  pointed  tip  of  the  jet  is  being  formed  by  the  top  of  the  cup  shaped  apex  The 

and  the  subsequent  wing  tip  front  on  the  jet  are  due  to  the  cup  shape  of  the  apex,  not  the  slicing  of  the  liner. 

7c  (12.5  ps)  shows  that  most  of  the  liner  material  is  going  into  the  slug;  one-tenth  to  one-fifth  of  the  liner  maten^ 
goes  into  the  iet.  Figure  7d  ( 1 5  us)  shows  the  collision  of  the  liner  and  inhibitor.  Almost  all  the  matend  from  the  cup 
apex  has  been  left  behind.  The  jet  tip  is  comprised  of  material  from  the  liner  near  the  intersection  of  the  cup  ^d  the 
COTC  The  first  3  cm  of  the  jet  comes  from  inner  surface  material  of  the  first  7  slices  of  the  liner  (not 
at  the  apex),  or  about  3.5  cm  of  liner  material.  If  the  liner  were  conical  all  the  way  to  the  apex,  this  would  be  4.6  cm 
of  liner  material.  Thus,  the  liner  material  which  makes  up  the  jet  tip  has  been  identified. 

The  copper  inhibitor  is  pressing  into  the  collapse  point  in  Fig.  7e  ( 1 6.5  ps).  Material  in  the  8th  slice  of  the  liner  ends 
up  in  th^ail  end  of  the  jet.  The  density  plot  reveals  that  the  jet  density  near  the  inhibitor  is 
indicating  that  the  material  is  stretching.  At  this  stage,  fragmentation  probably  begins.  Figure  7f  (20  F*)  !>hows  ‘hat 
a  large  length  of  the  jet  has  low  density,  implying  that  it  has  undergone  large  tensile  stretching.  However,  ‘he  fiP  of 
the  jet  is  moving  with  little  deformation.  The  jet  tip  is  composed  of  matenal  from  the  first  four  or  five  slices  of  the 
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liner,  or  2  to  2.5  cm  of  liner  material  as  measured  from  the  intersection  of  the  conical  liner  and  the  cup  apex.  A 
geometrical  calculation  provides  an  estimate  of  the  fragment  mass:  if  2  cm  of  material  of  the  liner  is  involved  and 
one-tenth  of  the  material  goes  into  the  jet,  then  a  fragment  mass  of  0.96  g  results;  if  2.5  cm  of  liner  is  involved  and 
one-fifth  of  the  material  goes  into  the  jet,  then  a  fragment  mass  of  2.52  g  results. 

Finally,  Fig.  8  (40  |is)  is  a  late  time  picture  from  this  calculation  compared  with  an  X-ray  radiograph  from  one  of  the 
tests  at  a  later  time  (65  ps),  where  the  length  scales  differ.  There  is  a  qualitative  agreement  between  the  fragment  and 
the  debris  in  both  the  calculation  and  experiment.  The  formation  of  a  "fragment"  in  the  numerical  calculation  is  due 
to  the  way  the  interface  tracker  preferentially  moves  material  and  the  slicing  of  the  liner  providing  many  different 
regions  to  be  moved:  fracture  is  not  being  modeled.  In  the  computation,  the  mass  of  the  fragment  is  1  g,  and  the 
velocity  is  1 1.2  km/s.  However,  fragment  masses  from  the  experiments  were  usually  lower.  This  could  be  due  to  two 
possibilities.  First,  a  larger  region  of  the  jet  could  fragment  during  the  stretching  and  breaking  of  the  jet,  so  that  less 
material  remains  in  the  main  fragment.  Fracture  is  not  being  modeled,  and  it  is  unlikely  that  the  extent  of  the  region 
undergoing  large  tensile  strains  directly  corresponds  to  the  extent  of  the  region  of  the  jet  which  fragments.  Second, 
we  do  not  expect  the  computation  to  exactly  predict  the  event.  There  are  inaccuracies  in  the  equations  of  state  of  the 
aluminum  and  explosives  in  the  computations,  as  well  as  possible  lack  of  symmetry  in  the  detonation  wave  and  the 
liner  fabrication  in  the  experiments.  Finally,  the  computational  fragment  has  a  higher  L/D  than  those  .seen  in  the 
experiments,  correlating  with  its  larger  mass.  Again,  this  may  be  ainibutable  to  the  lack  of  fracture  modeling  within 
the  computer  program.  The  late  time  velocity,  though,  is  surprisingly  close  to  that  seen  in  tests.  The  probable  reason 
for  this  agreement  is  that  the  jet  tip  is  unaffected  by  the  fragmentation  of  jet  material  behind  it,  and  so  the  jet  tip 
velocity  does  not  depend  on  the  mechanics  of  fracture  of  the  jet.  In  computations  without  the  inhibitor,  the  jet  tip 
looks  exactly  the  same  as  tho.se  computations  which  include  an  inhibitor.  A  copper  jet  is  also  .seen  in  the  calculations. 
Such  a  jet  was  not  observed  in  the  tests,  although  small  amounts  of  copper  did  impact  some  of  the  targets. 


Fig.  8.  Products  produced  by  an  inhibited  shaped  charge. 
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Removing  the  Trailing  Debris 

The  jet  severing  interpretation  provided  by  the  computations  and  experiments  showed  that  the  trailing  debris,  which 
was  coming  from  the  stretching  and  breaking  of  the  jet,  could  not  be  removed  by  altering  the  height  or  inner  diameter 
of  an  axially  symmetric  inhibitor.  To  avoid  active  systems,  such  as  explosive  flyer  plates,  an  asymmetry  was  needed 
in  the  collap.se  to  push  the  debris  off  the  flight  line. 

If  the  liner  material  which  formed  the  debris  was  given  an  off-axis  velocity  component  before  it  entered  the  collapse 
region,  it  would  go  through  the  jet  formation  and  subsequent  fragmentation  process  and  still  have  an  off-axis  velocity 
component.  Based  on  wave  transit  times,  it  appeared  it  would  not  be  possible  to  produce  the  desired  asymmetric 
behavior  by  applying  a  partial  exterior  confinement  to  the  explosive.  Rather,  the  asymmetric  beh:’.vior  would  need  to 
be  caused  by  an  insert  within  the  cavity.  The  calculations  were  2-D  axisymmetric,  but  they  could  still  be  used  to  see 
if  the  location  of  the  asymmetric  insert  allowed  interaction  with  the  liner  material  at  the  proper  times  and  locations. 

If  the  liner  material  that  became  the  part  of  the  jet  which  stretched  and  broke  could  be  given  an  off-axis  velocity,  that 
debris  would  not  impact  the  target.  The  sliced  simulations  identified  the  liner  material  that  needed  to  be  affected. 
Figure  7  shows  that  the  region  of  liner  material  that  goes  into  the  stretching  region  of  the  jet  begins  in  the  4th  and  5th 
slices.  Thus,  only  the  first  2  cm  of  liner  material  should  be  allowed  to  collapse  without  being  affected  by  the  insen. 

An  asymmetric  triangle  insert  was  placed  on  top  of  the  inhibitor.  To  check  the  timing  of  the  design,  a  calculation  was 
done  with  an  aluminum  tube  inside  the  inhibitor,  the  tube  having  the  .same  height  as  the  triangle  insert.  Figure  9  shows 
the  initial  geometry,  as  well  as  two  later  time.s.  At  12  ps,  the  liner  is  just  impacting  the  insert.  This  material  would 
be  the  first  part  of  the  liner  to  have  an  asymmetric  collapse,  and  thus  an  off-axis  velocity  component.  The  next  frame, 
at  13  ps,  shows  the  progression  of  the  interaction.  Due  to  the  symmetry  of  the  calculation,  a  continuation  of  this 
calculation  is  not  relevant  to  the  jet  behavior.  However,  this  calculation  does  show  that  the  insert  allows  the  jet  tip 
material  to  collapse  unaffected  to  form  the  fragment. 


Figure  10  is  comprised  of  two  radiographs.  The  one  on 
the  left  is  from  a  test  without  the  asymmetric  insert, 
while  the  one  on  the  right  has  the  insert.  Otherwise,  the 
two  tests  are  identical.  It  appears  the  insert  is  removing 
the  late  time  debris,  and  examination  of  the  targets  con¬ 
firmed  this  conclusion. 


EFFECTS  OF  THE  ATMOSPHERE 

In  addition  to  tests  in  air,  tests  in  vacuum  were  desired  to 
more  realistically  test  spacecraft  shielding  components. 
The  transition  from  air  to  a  vacuum  resulted  in  some 
dimension  changes  for  the  inhibitor  and  insert.  The 
figures  so  far  presented  have  been  from  tests  in  air;  the 
rest  of  the  figures  will  be  from  tests  in  vacuum. 

Air  seemed  to  affect  the  fragment.  Erosion  of  the  jet  tip 
was  clearly  visible  in  an  uninhibited  test  where  there  was 
substantial  rotation  of  the  leading  fragment.  In  another 
uninhibited  test,  the  large  particle  at  the  jet  tip  was  seen 
to  decrease  in  length  between  radiographs,  from  3.0  cm 
to  2.3  cm  in  50  ps  (over  a  distance  of  57  cm).  This  could 
be  due  to  a  number  of  effects:  a  negative  velocity 
gradient  in  the  particle,  which  would  contract  the  par¬ 
ticle;  mechanical  erosion  of  one  material  travelling 
through  another;  and  ablation,  where  a  phase  change  aids 
in  the  erosion.  As  to  a  negative  velocity  gradient  in  the 
jet  tip,  no  change  in  the  jet  tip  diameter  was  detectable 
from  the  radiographs,  and  a  negative  velocity  gradient  in 
the  jet  tip  was  not  observed  in  the  computations.  The 
second  two  possibilities  are  difficult  to  quantitatively 
discuss.  If  the  materials  were  incompressible  perfect 
(nonviscous)  fluids,  Bernoulli’s  law  could  be  used  to 
estimate  the  erosion  rate: 


=  (.5) 

where  v  -  u  is  the  erosion  rate.  With  p^,  =  2.7  g/em’and 
=  1 .3  g/1  one  obtains  an  erosion  rate  of  250  m/s.  In 
the  above  test,  1 .25  cm  would  have  eroded  based  on  this 
approach.  This  is  much  larger  than  what  actually 
occurred,  but  then  air  and  aluminum  are  not  incom¬ 
pressible  perfect  fluids,  especially  air  at  these  velocities. 
However,  certainly  some  decrease  in  length  is  due  to 
erosion. 
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Fig.  10.  X-ray  view.s  of  tests  without  (left)  and  with  (right)  the 
aluminum  insert.  Note  the  absence  of  trailing  debris  in  the  right 
view. 


Once  in  the  vacuum  chamber,  the  inhibitor 
and  insert  dimensions  which  were  being  used 
for  the  atmospheric  tests  produced  an 
incohesive  fragment  over  the  greater  flight 
distance.  This  was  resolved  by  decreasing 
the  height  of  the  inhibitor,  and  lowering  the 
height  of  the  insert.  This  gave  rise  to  a 
cohesive  fragment  with  a  larger  mass.  How¬ 
ever,  the  fragment  now  seemed  to  be  .sur¬ 
rounded  by  a  small  amount  of  debris.  It  is 
possible  that  the  air  was  helping  retard  this 
debris  in  the  atmospheric  tests. 


EXAMPLES 

The  current  design  of  the  hypervelocity  frag¬ 
ment  launcher  uses  a  copper  inhibitor  of 
height  4.47  cm  and  an  inner  diameter 
1.19  cm,  and  a  0.76  cm  tall  triangular  alumi¬ 
num  asymmetric  insert  placed  within  the 
cavity  of  the  charge,  .shown  in  Fig.  1 1 .  These 
dimensions  were  determined  through  both 
experiments  and  computations.  In  the  fol¬ 
lowing  X-ray  views,  the  direction  of  motion 
is  from  top  to  bottom. 

As  a  first  example.  Fig.  12  shows  orthogonal 
views  from  the  test  which  had  the  highest 
rotation  rate  encountered  during  the  test  pro¬ 
gram,  rotating  90"  in  240  ps.  This  rotation 
rate  was  constant  based  on  measurements 
from  the  two  sets  of  radiographs,  with  0“ 
extrapolating  back  to  the  vicinity  of  the  orig¬ 
inal  charge  location.  The  fragment  velcKity 
was  11.1  km/s.  These  views  showed  that  the 
fragment  was  hollow.  Careful  examination 
of  Fig.  7  shows  that  the  cottiputations  were 
also  showing  a  decreased  material  density 
along  the  axial  centerline. 

Next,  Fig.  1.^  shows  onhogonal  views  of  a 
fragment  in  flight.  The  fragment  had  an 
approximate  length  of  1.4  cm  and  a  diameter 
of  0.3.^  cm  to  give  an  L/D  of  2.6.  Using  a 
diameter  for  the  hollow  region  of  0.18  cm.  a 
fragment  mass  of  0.74  g  was  calculated.  The 
fragment  veltK’ity  was  11.2  km/s.  The 
resulting  crater  in  a  6061 -T6  aluminum  blcKk 
is  shown  in  Fig.  14.  The  target  blivk  was 
15.3  cm  in  diameter,  and  7.8  cm  thick.  The 
crater  depth,  measured  from  the  top  plane  of 
the  target,  is  3.0  cm  and  its  diameter  is 
4.1  cm.  A  spall  plane  is  ItKated  0.6  cm  from 
the  bottom  of  the  target.  The  two  very  small 
craters  visible  on  the  top  surface  (to  the  right 
of  the  main  crater)  are  due  to  trailing  debris. 

Although  the  charge  is  being  used  for  the 
testing  of  shielding  concepts  at  this  time,  it  is 
still  undergoing  refinement. 


CONCLUSION 

The  primary  achievement  of  this  program  was  the  design  of  a  hypervekK'ity  fragment  launcher.  Experimental  tests 
were  performed  to  evaluate  and  refine  the  design.  Numerical  simulations  were  able  to  provide  a  qualitative  picture 
of  how  the  inhibitor  was  interacting  with  the  jet,  as  w'cll  as  quantitative  times  for  these  interactions.  These  compu¬ 
tations  provided  considerable  guidance  in  the  design  of  the  insert  and  inhibitor.  The  hypervelix-ity  fragment  launcher 
is  being  used  to  test  various  spacecraft  shielding  concepts.  Further  work  would  be  to  remove  the  remaining  debris 
which  seems  to  be  travelling  along  with  the  fragment  in  the  vacuum  tests. 
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Fig.  1 1 .  Inhibitor  design,  with  insert. 
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Fig.  12.  Orthogonal  radiographs  of  rotating  fragment,  travelling  at  11.1  km/s. 


Fig.  13.  Onhogonal  radiographs  of  fragment  travelling  at  1 1.2  km/s. 


Fig.  14.  Photograph  of  crater  resulting  from  impact  of  A1  6061 -T6  target  and  fragment  .shown  in  Fig.  13. 
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ABSTRACT’ 

In  recent  years  the  Hypervelocity  Microparticle  Impact  (HMI)  project  at  Los  Alamos  has  utilized 
electrostatically  accelerated  iron  spheres  c' microscopic  dimensions  to  generate  ultfa-high  velocity  impact 
experiments  to  about  100  km/sec,  about  an  order  of  magnitude  beyond  the  data  range  for  precisely 
controlled  impact  tests  with  ordinary  macroscopic  projectiles.  But  the  extreme  smallness  of  the  micro 
impact  events  brings  into  question  whctJicr  tiic  usual  shock-hydrodynamic  size  scaling  can  be  assumed.  It 
is  to  this  question  of  the  validity  of  size  scaling  (and  its  refinement)  that  the  present  study  is  directed. 

Impact  experiments  are  compared  in  which  two  comparable  impact  events  at  a  given  velocity,  a 
microscopic  impact  and  a  macroscopic  impact,  are  essentiily  identical  except  that  the  projectile  masses 
and  crater  volumes  differ  by  nearly  12  orders  of  magnitude— linear  dimensions  and  times  differing  by  4 
orders  of  magnitude.  Strain  rates  at  corresponding  points  in  the  deforming  crater  increase  4  orders  of 
magnitude  with  the  size  reduction.  Departures  from  exact  scaling,  by  a  factor  of  3.7  in  crater  volume,  are 
observed  for  copper  targets-with  the  micro  craters  being  sm^ler  than  scaling  would  predict.  This  is 
attributed  to  a  factor  4.7  higher  effective  yield  .stress  occurring  in  the  micro  cratering  flow.  This,  in  turn, 
is  because  the  strain  rate  there  is  about  10^/sec  as  compared  to  a  strain  rate  of  only  10''/sec  in  the  macro 
impact. 

The  measurement  of  impact  craters  for  very  small  impact  events  leads  to  the  determination  of  metal 
yield  stres.ses  at  strain  rates  an  order  of  magnitude  greater  than  have  been  obtained  by  other  methods.  The 
determination  of  material  strengths  at  these  exceedingly  high  strain  rates  is  of  obvious  fundamental 
importance.  Results  are  compared  to  recent  Uteorctical  models  by  Follansbee,  Kochs  and  Rolletl. 

Finally,  the  problem  is  addressed  of  predicting  crater  sizes  in  a  target  material  with  strain  rate  effects. 
First  .some  basic  results  arc  recalled  perttiining  to  the  late  stage  equivalence  of  hypervelocity  impacts.  It 
is  then  seen,  for  a  strain  rate  dependent  material,  that  the  curve  of  dimensionless  crater  volume  versus 
impact  vcloci'y  is  replaced  by  a  fiunily  of  curves,  each  member  of  which  is  for  one  final  crater  size.  I'he 
spacing  of  the  curves  is  detennined  by  die  stress  versus  strain  properties  of  the  material. 


1.  INTRODUCTION 

The  Hypcrvclocily  Microparticle  Impact  (HMI)  project,  (Keaton,  et.  al.,  1990  Stradling,  ei.  al.  1990)  has 
obtained  impact  data  from  microscopic  iron  .spheres  impacting  targets  at  impact  velocities  from  1  x  10-*’ 
cm/sec  to  KX)  x  10-*'  cm/sec.  I’hc  iron  spheres  arc  charged  and  accelerated  electrostatically  (Friichtcnicht, 
1962,  Friichtcnicht,  1964,  Lewis,  et.al.,  1970)  in  a  6  MV  Van  de  Graaff  accelerator.  Each  impact  is 
characterized  by  simultaneous  measurement  of  projectile  charge  and  velocity  using  careful  cross- 
correlation  techniques  (Idzorek,  el.  al..  1990).  Measurement  of  impact  crater  characteri.stics  is  perfonned 


775 


776 


J.  M.  \V  \l  s|l  <7  III. 


using  a  scanning  electron  microscope.  A  typical  crater  in  copper  is  shown  in  Fig.  1.  Impact  studies  have 
been  performed  on  a  variety  of  materials  rclevjuil  both  to  practical  impacts  in  space  and  to  the  study  of 
impact  physics.  In  this  discussion  we  fiK'us  on  impacts  in  copper  and  aluminum  in  order  to  compare 
with  existing  libraries  of  data  from  macroscopic  impact  physics  research. 


II.  DEPARTURE  FROM  STRICT  SIZE  SCALING  FOR  IMPACT  CRATERS  IN  SOFT 
COPPER  TARGETS 

Micro  impacts,  when  compared  to  the  .same  impacts  at  ordinary  sizes,  make  it  possible  to  pul 
classical  shtKk-hydrodynamic  size  scaling  to  .severe  tests  in  which  corresponding  masses  (and  other 
extensive  variables)  are  scaled  down  nettfly  12  orders  of  magnitude— linear  dimensions  and  times  being 
scaled  down  4  orders  of  magnitude.  Slniin  rates  increase  four  orders  of  magnitude  in  the  size  reduction. 


Fig.  1.  A  typical  hypervcU)city  impact  crater  in  a  single-crystal  sample  of 
copper  cut  in  the  100  cry.stalline  plane.  The  projectile  was  a 
micro.scopic  iron  sphere  of  ma.ss  1.89xl0  ’^gm  impacting  at 
12.5  X  10‘’cm/.s.  The  craters  produced  by  micro.scopic  impacts  in 
homogeneous  materials  arc  axisymmclcric  and  appear  to  be 
geometrically  similar  to  the  craters  produced  by  macroscopic  impacts. 

In  this  case  the  crater  diameter  is  4.0  itm.  Crater  depth  is  not  easily 
obtained  with  the  scanning  electron  microscopy  technique  used  to 
characterize  the  craters. 

As  I'ig.  2  we  reprrxlucc  the  pertinent  data  for  copper,  to  call  attention  to  the  fact  that  the  normalized 
target  crater  volume  is  a  factor  of  .^.7  smaller  for  the  HMl  micro-impacts  (projectile  masses 
0.25  X  10  *^  gm  and  1.5  x  10' *2  ^m)  ihan  for  the  large  scale  impacts  (projectile  masses  0.15  gm  and 
0.50  gm)  at  the  same  impact  vehK'ity  (6  x  10^  cm/.sec).  F-xact  size  .scaling  would,  of  course,  require  that 
these  normalized  crater  volumes  be  equal.  I  hu.s,  the  .size  reduction,  by  a  factor*  of  about  0..^  x  10*  ^  in 
the  projectile  mass  (or,  equivalently,  by  a  f.ietor  of  0.7  x  (O'*  in  projectile  diameter)  has  not  only  reduced 
the  crater  volume  by  a  factor  of  ()..1  x  10*^.  as  it  should  in  accord  with  strict  scaling,  but  al.so  by  an 
addilioniil  factor  of  .^.7. 


The  average  mass  of  the  bigger  impacts  is  (0.5  +  O.I5)/2  =  0.5  gm.  The  average  mass  of  the  IIMI 
impacts  is  (0.25  -t-  1,5)  x  10  ’^/2  =  0.9  x  10" *2  gm.  Thus  the  reduction  is  by  a  factor  of  about 
0..5  X  10*^  on  mass,  or  0.7  x  10“*  on  linear  dimensions  and  times. 
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III.  STRAIN-RATC  EFFECT  AS  A  RI- ASON  FOR  SCALING  FAILURE 

We  believe  that  this  failure  to  .scale  exactly  is  due  to  strain-rate  effect  within  the  copper.  More  fully,  we 
develop  here  the  notion  that  the  higher  strain  rates  in  the  smaller  flows^  cause  a  higher  effective  flow 
stfcss  in  the  smaller  flows  and  a  corresptindingly  .smaller  crater. 

In  Fig.  3  we  reproduce  (in  addition  to  impact  data  for  copper)  a  well-known  correlation  formula  due  to 
Soren.sen  (Sorensen,  FJb.'S)  for  hypervekKity  impact  data.  It  shows,  in  particular,  that  crater  volume  V 
varies  with  target  shear  yield  strength  s  as  .s  ®  This  dependence  of  V  on  s  is  shown  by  Sorensen  to 
fit  a  wide  range  of  impact  data  for  metal  nu-gets,  encompassing  a  variation  of  s  from  0.13  kilobars  fi)r 
lead  to  nearly  10  kilob.u's  for  a  steel.  See  Sorensen,  1%5  for  a  detailed  di-scussion.  Similar  dependences 
of  V  on  s  have  been  established  in  hydrrx'rxJc  studies.  (An  early  example  is  the  calculation  of  cratering  for 
hard  and  .soft  aluminum,  reported  in  Dienes  and  Walsh.  1%9  and  1970  and  de.scTibed  in  section  IV  below. 
Very  recently  Rich  Davidson  and  Michael  Burkett  at  Los  Alamos  have  each  independently  perfonned 
cratering  calculations  for  copper,  in  support  of  the  pre.scnt  effort,  and  find  crater  volumes  in  g(M)d 
agreement  with  Sorenson.)  Thus,  adopting  Sorensen’s  correlation,  we  find  that  the  observed  3.7-fold 
reduction  in  crater  volume  could  be  atuibuted  to  a  yield  stress  increase  of  a  factor  of  4.7. 


Projectile  Velocity  (cm/s) 

I'ig.  2.  HypervekKity  impact  cratering  dtiui  for  copper.  The  upper  curve,  with 
four  represcnuilive  data  points,  is  from  Sorensen’s  empirical  correlation 
of  (macro)  impact  data  for  copper.  See  also  Fig.  3  and  Sorensen,  1965, 
for  furtlier  infonnation  on  Sorcitscn’s  work.  Ihe  lower  curve  shows  the 
(micro)  impact  data  on  copper.  Of  importance  to  the  present  discussion 
is  the  fact  that  tlie  nonnali/.cd  crater  volumes  in  the  micro  impacts  arc 
smaller  by  a  factor  of  3.7.  The  two  curves  would  coincide  if  size 
.scaling  were  exact. 


IV.  STRAIN  RA'IFS  IN  IIYI’ERVF.L(K'ITY  IMPACT 

Next,  we  need  a  reasonably  good  estimate  of  the  strain  rates  occurring  in  the  cratering  prcKCss, 
Specifically,  it  will  suffice  to  estimate  die  average  strain  rate  during  the  crater  formation  for  the  0.3  gm 
(macro)  impact  at  6  x  10*'  cm/.scc  since  we  already  know  the  ratio  of  the  .strain  rates  in  die  micro  and 
macro  events.  Making  this  estimate  is  the  object  of  the  pre.scnt  Section. 

^By  the  above  factor  of  0.7  x  10’^  if  the  flows  scaled  exactly,  and  by  an  additiomd  factor  of 
3  7O.333  _  I  because  of  the  smallcr-ihan-cxpcctcdcratcrs-combining  fora  factor  of  10’^. 
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In  a  hypcrvelocity  impact,  the  initial  .sh(Kk  pressure  is  given  by: 


P  =  p  Us  Up  =  1.9  X  dynes/em^  =  1.9  megabars,  (1) 

since  the  shock  particle  velocity  Up  is  3  x  10^  cm/sec  from  symmetry,  the  density  p  is  8.9  gm/cc  and 
the  shock  wave  velocity  Us  asscKiatcd  with  the  given  particle  velocity  is  7  x  10-“’  cnri/sec.  This  is  more 
than  three  orders  of  magnitude  greater  than  material  strength,  implying  that  the  early  phases  of  tJte 
impact  are  hydrodynamic  with  suength  playing  a  negligible  role.  This  shock  front  and  the  attached 
pressure  pulse  propagate  almost  hemisphcrically  into  the  thick  copper  target,  and  serve  to  set  the 
engulfed  copper  into  nearly  hemispherical  motion.  Were  it  not  for  the  finite  yield  strength  of  the  copper 
the  (nearly  hemispherical)  crater  would  grow  without  limit.  Instead,  the  1.385  kilobar  copper  yield 
strength  limits  the  crater  volume  to  about  83  times  the  volume  of  the  impacting  projectile,  in  accord 
with  Sorensen's  correlation  formula  as  applied  to  this  impact. 

Two-dimensional  finite  difference  hydrocode  calculations  (axisymmetric  and  time  dependent, 
incorporating  material  compressibility  and  strength  effects  by  utilizing  available  material  property 
formulations)  can  provide  us  with  a  very  detailed  description  of  the  impact  process,  and  such  calculations 
have  been  provided  by  a  number  of  investigators  over  the  past  30  years. 


several  metals  and  therefore  docs  not  fit  copper  exactly,  although  quite 
well.  It  may  be  noted  that  the  factor  3  variation  in  projectile  diameters 
(27  in  masses)  dixis  not  cause  an  apparent  size  effect  in  the  macro  data 
points.  The  point  at  v  =  6  x  10-^  cm/scc  on  the  micro  curve  (Fig.  2) 
has  been  transformed  to  this  plot  and  is  .seen  to  be  substantially  below 
the  macro  data.  (To  transform  this  point  the  values  p  =  8.9  gm/cm^ 
and  s  =  1.385  x  10^  dynes/cm^  were  used  for  the  density  and  shear 
yield  .strength  of  annealed  copper.)  The  projectile  ma.ss  ratio  between 
the  micro  and  macro  experiments  is  nearly  twelve  orders  of  magnitude, 
as  explained  in  the  fourth  footnote. 

While  a  specific  computation  has  not  yet  been  performed  for  our  0.3  gm,  6  x  10“*  cm/.sec  impact 
into  copper,  suitable  computed  results  from  other  impacts  have  been  reported  in  the  literature  and  can  be 
u.sed  to  deduce  (using  only  Sorcn.scn's  correlation  formula  and  dimensional  analysis)  useful  estimates  of 
the  effective  strain  rate  in  our  impact.  Dienes  has  reported  calculations  (Dienes  and  Walsh,  1969  and 
1970)  for  a  spherical  aluminum  projectile  (diameter  0.476  cm)  impacting  a  hard  aluminum  target  (shear 
yield  .strength  2.39  kilobar.s)  of  density  2.7  gm/cc  at  a  velocity  of  7.3  x  lO**  cm/scc.  He  finds  for  times 
of  2,  4,  8  and  16  micro.scconds  tliat  the  crater  depth  is  0.4,  0.8,  0.9,  and  1.0  of  its  final  value.  Hence  for 
present  purpo.scs  we  can  take  this  .iluminum  crater  formation  time  to  be  15  micro.scconds.  Next  we  note 
that  Sorensen's  correlation  fonnula: 
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VA^o  =  Ci(pv2/s)»45  (2) 

is  entirely  equivalent  to 


■845 

T/To=C2(pv2/s)  3 


=  C2  (pv2/s) 


.282 


(3) 


when  re -expressed  to  give  the  time  T  for  crater  formation.  Here  Ci  and  C2  are  dimensionless  constants 
and  Tq  is  any  suitable  measure  of  the  impacting  projectile  size  (such  as  the  time  it  takes  the  free  flying 
projectile  to  move  one  diameter)  that  must,  of  course,  be  the  same  measure  for  the  two  impacts  under 


consideration.  Thus  To  would  be: 

To  =  0.476  cm/(7.3  x  10^  cm/sec)  =  .65  microseconds  (4) 

for  the  aluminum  problem  and 

To  =  0.400  cm/(6.0  x  10-'’  cm/sec)  =  .67  microseconds  (5) 

for  our  copper  impact.  Next  for  the  two  cases  of  aluminum  and  copper  impacts,  the  quantities  (pv^/s)  and 

(pv2/s)  2*2  would  be: 

(pv2/s)  =  602;  (pv2/s)-2*2  _  5  qS  (6) 

and  for  the  copper  impact  ; 

(pv2/s)=2313.  (pv2/s)-282  ^  g  gg  (7) 

Hence  the  15  micTosecond  crater  fonnation  time  for  aluminum  scales  to 

T=(  8.88/6.08)(.67/.65)15  microseconds  =  23  microseconds  (8) 

for  our  copper  impact. 


In  another  problem  from  (Dienes  and  Walsh,  1969  and  1970)  a  soft  aluminum  target  (shear  yield  0.75 
kilobars)  was  used  and  total  plastic  work  was  reported  instead  of  crater  depth.  (Other  problem  parameters 
were  the  same  as  in  the  hard  aluminum  impact.)  At  4,  8  and  16  miaoseconds  the  total  plastic  work  was 
20%,  50%,  and  95%  of  the  final  value  when  the  flow  was  completely  arrested.  This  again  suggests  a 
time  of  about  15  microseconds  for  flow  arrest.  Scaling  this  over  to  our  copper  impact,  by  a  calculation 
similar  to  that  detailed  for  the  htird  aluminum,  gives  a  time  of  16  microseconds  for  die  copper  impact. 

We  need  also  to  know  the  average  strain  occurring  in  the  plastically  deforming  material  when  the 
crater  is  formed.  Here  both  computational  and  experimental  evidence  (where  targets  thicker  than  about 
two  crater  depths  react  much  the  same  as  semi-infinite  targets  subjected  to  the  same  projectile  impact) 
suggest  that  the  »argct  material  within  about  one  crater  radius  of  the  crater  is  effective  in  arresting  the 
flow.  For  this  material  the  strain  field  is  a  maximum,  about  0.6  at  the  crater  surface,  dropping  to 
essentially  zero  a  crater  depth  into  the  material.  A  suitable  average  strain  for  this  plastically  defonning 
material  is  about  0.2.  (This  value  may  be  reliable  only  to  about  a  factor  of  two.)  Dividing  it  by  die 
above  crater  formation  times  of  23  microseconds  and  16  microseconds  implies  average  strain  rates  of 
0.86  X  lO'^Asec  and  1.25  x  lO'^/.sec.  Hence  we  adopt  a  value  of  1.0  x  10'*/sec  as  an  average  strain  rate 
in  our  0.3  gm  copper  impact,  recognizing  that  this  value  is  uncertain  by  a  factor  of  two.  Surprisingly, 
perhaps,  this  uncertainty  is  tolerable  in  present  considerations  because  of  the  weak  dependence  of  yield 
stress  on  sdain  rate. 

It  may  be  noted  that  a  more  accurate  determinadon  of  this  average  strain  rate  could  be  made  as  part  of 
a  hydrocodc  compulation  of  our  copper  impact.  For  this  purpose  we  suggest 


(9) 
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where  K  is  the  cell  number  and  N  is  the  time  step  number.  The  formula  gives  an  average  strain  rate, 
averaged  over  all  (Eulerian)  cells  and  all  time  steps,  with  each  £p(K,N)  weighted  in  proportion  to  the 
amount  of  plastic  work  Wp(K,N)  occurring  in  the  cell  during  the  ume  step. 


V.  COMPARISON  OF  RI-SULTS  WITH  RECENT  THEOREl'lCAL  EXPECTATIONS 

In  Section  II  we  saw  that  when  the  projectile  mass  was  reduced  by  a  factor  0..1  x  lO'^,  the  crater 
volume  was  reduced  not  only  by  this  factor,  as  expected  from  size  scaling,  but  by  an  additional  factor  of 
3.7. 

In  Section  III  we  found,  using  a  well-established  empirical  correlation,  that  the  factor  3.7  crater 
volume  reduction  would  be  caused  by  a  yield  stress  increase  by  a  factor  of  4.7. 

In  Section  IV  we  u.sed  published  computational  results  for  the  crater  formation  process,  together  witli 
the  Sorensen  correlation  formula  to  establish  that  the  average  strain  rate  in  the  macro  impact  was  about 
1.0  X  10'*/sec.  This  means  that  the  average  su-ain  rate  in  our  micro  impact  [which  must  ^  greater  by  a 
factor  of  (0.3  x  10*^  x  3.7)-^^^  =1.03  x  lO'^]  is  about  1.0  x  10*^/sec.  So  it  remains  to  ask  whether  it 
is  indeed  reasonable  to  expect  a  factor  4.7  increase  in  the  flow  stress  over  this  strain  rate  regime. 

Experimental  work  by  Clifton  and  co-workers  (sec  Clifton,  R.  J.  1990,  Klopp,  R.  W.  et.  al.  198.3, 
Tong,  W.  et.  al.  1992)  at  Brown  University,  using  a  well-known  oblique  impact  technique  devclO|)ed  by 
them,  has  been  performed  for  copper,  aluminum  and  iron  specimens  and  has  provided  some  flow  stress 
data  in  the  10'^  to  10^  sec  ’  strain  rate  regime.  The  technique  is  quite  different  from  the  one  described 
here;  in  particular,  the  specimen  is  simultaneously  subjected  to  high  impact  pressure  during  deformation 
whereas  in  the  pre.sent  effort  the  deformation  occurs  during  the  crater  formation  flow  at  essentially  zero 
pressure.  The  Brown  University  work  suggests  a  substantial  strain  rate  effect  in  copper  at  high  strain 
rates,  in  qualitative  agreement  with  the  present  study.  Ultimately,  it  would  clearly  be  desirable  to 
combine  the  two  types  of  data  into  a  comprehensive  model  including  both  the  strain  rate  effect  and 
pressure  hardening. 

Fortunately,  the  properties  of  copper  at  exceedingly  high  strain  rates  has  been  the  subject  of 
theoretical  modelling  investigations  by  Follansbec,  KcKks,  Rollett  and  others  (Follansbce,  1988,  1991). 
In  Fig.  4  the  theoretical  stress  versus  su-ain  rate  curve  is  reproduced  (from  Fig.  2  of  Follan.sbce,  1991)  for 
a  constant  strain  of  0.1.  This  strain  is  taken  to  be  an  average  strain  during  the  cratering  flow, 
corresfxmding  to  the  estimate  made  in  Section  I^that  the  average  total  strain  is  about  0.2.  (Also  die 
theoretical  stresses  were  reduced  by  a  factor  of  v  3,  ,  in  accord  with  the  von  Mi.ses  yield  condition, 
because  longitudinal  yield  su-cs.ses  were  u.sed,  whereas  shear  yield  sdcsses  are  used  throughout  the  pre.sent 
paper.) 

Plotted  also  in  big.  4  arc  our  two  experimental  points  a  =  1.38.S  kilobars  at  £p  =  lO^*  /sec  and 
o  =  6..3  kilobars  at  £p  =  10*^  /sec. 

The  most  important  conclusion  to  be  drawn  from  the  present  compari.son  is  that  both  the  theory 
(Follansbce,  1988,  1991)  and  experiment  arc  indicating  a  very  substantial  suain  rate  effect  in  copper  in 
the  lO^/sec  to  lO^/sec  su-ain  rate  regime.  The  experimental  effect  is  somewhat  the  larger,  the  yield  su-ess 
increasing  by  a  factor  of  4.7  as  compared  to  2.8  for  the  theoretical  curve.  In  the  theoretical  modelling'^ 
this  su-ain  rate  effect  has  been  attributed  to  a  gradual  transition,  as  the  .suain  rate  is  increa.sed,  from 
thermally-activated  to  viscous-drag  conu-olled  deformation. 

The  experimental  factor  of  4.7  depends  upon  only  the  experimental  volume  ratio  of  3.7  (Fig.  2)  and 
the  Sorensen  correlation  formula,  and  is  estimated  here  to  be  rebable  to  lO^  or  less.  Other  aspects  of  the 
compaii.son  are  discussed  in  the  next  sccUon. 


VI.  COMMENTS  ON  SOURCES  OF  F.RROR 

It  was  remarked  in  Section  IV  that  the  estimate  of  the  average  strain  rate  in  the  macro  impact  was 
uncertain  by  a  factor  of  about  two.  In  the  Fig.  4  data  plot  the  exj^rimental  points  are  represented  as 
circles  with  diameters  .spanning  a  factor  of  four  in  the  stfain  rate.  It  is  readily  apparent  that  a  latcnd  shift 
of  the  macro  data  point  to  either  of  the  exu-cme  positions  (causing  an  equal  lateral  shift  of  the  micro 
point)  would  have  only  a  very  small  effect  on  the  compari.son. 
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Fig.  4.  Shear  yield  stress  a  versus  strain  rate  for  copper  strained  to  0.1.  The 
theoretical  curve  is  from  Follaasbee,  1991,  the  results  from  Fig.  2  of 
the  reference  being  re-p.'^escnted  here  in  terms  of  shear  yield  stress  at  a 
constant  strain  of  0. 1 . 

In  Section  V  we  estimated  an  average  strain  in  the  cratering  flow  to  be  0.1.  This  strain  was  us-ed  to 
.select  the  appropriate  constant-strain  theoretical  curve  from  (Follansbee,  1991).  Had  one  u.sed  0.05  or  0.2 
instead  of  0.1,  the  corresponding  average-strain  theoretical  curve,  in  the  two  cases,  would  be  below  or 
above  the  macro  experimental  point  and  in  somewhat  poorer  agreement  with  that  point.  Here,  however, 
an  alternative  interpretation  is  useful:  The  properties  of  copper  at  strain  rates  around  10^/sec  and  below, 
where  test  data  and  theoretical  understanding  have  been  in  accord  for  years,  can  be  assumed  known.  One 
then  selects  that  particular  constant-strain  curve  from  (Follansbee,  1991)  that  causes  agreement  witli  the 
macro  data  point.  This  constant-strain  curve  is  the  one  for  an  average  strain  in  the  cratering  flow  of  about 
0.13,  instead  of  our  e.stimated  value  of  0.1  given  above.  (This  might,  in  the  pre.sent  situation,  be  a  better 
way  to  estimate  the  average  strain  in  the  cratering  flow).  In  any  event,  the  theoretical  strain  rate 
enhancement  factor  (taken  to  be  2.8  in  Sec.  V)  is  a  weak  function  of  which  constant-strain  curse  one 
u.ses  and  would  not  be  substantially  affected. 

Finally,  we  recall  that  the  impacting  spheres  in  the  micro  experiments  are  actually  iron  instead  of 
copper.  In  our  comparison  of  the  micro-  and  macro-events  these  iron  projectiles  are  assumed  to  be 
equivalent  to  copper  projectiles  of  equal  mass.  This  equal-mass  assumption  has  been  investigated 
extensively  in  test  work  and  in  computer  studies  and  is  found  to  be  accurate  for  sufficiently  high 
velocities  and/or  density  ratios  sufficiently  close  to  unity.  For  the  present  application  at 
6  X  10*’  cm/sec,  with  iron  and  copper  projectiles,  the  cratering  effects  on  thick  copper  targets  are 
expected  to  be  es.sentially  identical. 


Vll.  EXTENSION  TO  ALUMINUM 

The  HMl  data  for  aluminum  target  impacts  exhibits  e.sscntially  the  .same  behavior  as  copper,  i.  e.  the 
micro  crater  volumes  are  small  by  about  a  factor  of  4,  corresponding  to  a  strain  rate  enhancement  of  yield 
stress  by  a  factor  of  5. 

Attention  here  has  been  focussed  on  copper  because  its  constitutive  modelling  appears  to  be  more 
advanced,  but  it  seems  likely  that  aluminum  (another  FCC  metal)  will  exhibit  similar  behavior  to  copper 
at  high  strain  rates.  (Private  communications  with  A.  D.  Rollett  and  P.  S.  Follan.sbee.) 
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VIII.  CRA'Il-R  vSIZI-  PRI-DICriON  I-OR  TARGET  MATERIALS  Wmi  STRAIN  RA'IT 
EHTiCTS 

From  a  knowledge  of  the  .stre.ss  ver.su.s  .strain  rate  curve  for  a  material,  such  as  the  one  for  copper  in 
Fig.  4,  and  certain  results  pertaining  to  the  late  stage  equivalence  of  hypervelocity  impacts,  one  c;in 
arrive  at  a  complete  capability  for  cTater  size  prediction  in  a  rate  dependent  material. 

First,  we  recall  a  basic  result  about  the  hypervelocity  impacts  of  chunky  projectiles  on  thick  targcLs; 
Two  interactions  differing  only  in  regard  to  the  impact  velocity,  while  qualitatively  different  in  their  etirly 
stages  (quite  different  pressures.  Row  velcKities,  and  so  forth)  become  more  similar  as  the  interactions 
progress  until  they  are  essentially  identical  at  late  times,  except  for  a  simple  size  scale  factor.  The  linetir 
scale  size  factor  between  the  flows  is  found,  computationally,  to  be  equal  to  the  .58-power  of  the  factor 
by  which  the  impact  velocity  is  increased.  Thus  the  craters,  which  are  formed  after  the  flows  become 
similar,  differ  in  crater  linear  dimensions  by  a  factor  equal  to  the  .58-power  of  the  velocity  increase 
factor,  or  in  volume  by  a  factor  equal  to  the  impact  velocity  ratio  to  the  1.74-power  (since  3  x  0.58  = 
1.74).  The  exponent  1.74±.01  is  found  to  be  remarkably  independent  of  the  target  material  (though  only 
plastically  deforming  metal  targets  have  been  studied).  Also  this  late  stage  equivalence  is  ob.served  only 
for  sufficiently  high  impact  velcKities  (greater  than  about  target  sound  speed)  and  is  apparently  intimately 
associated  with  the  highly  non-linear  nature  of  the  early  stage  of  hypervelocity  impact.  The  primary 
usefullness  of  the  result  is  that  it  forms  a  sound  theoretical  basis  for  extending  exj^rimental  impact 
results  (a  single  impact  crater  detennination  at,  say,  6  X  10^  cm/sec  for  a  specified  projectile  and  a  given 
target  material)  to  the  highest  vekK'ities  of  interest  in  meteroid  and  .space  applications. 

The  late  stage  equivalence  of  hypervelocity  impacts  is  best  documented  in  the  comprehensive  review 
article  by  Dienes,  (Dienes  and  Walsh,  l‘)70),  where  results  from  many  impact  calculations  are  discus.sed. 
Dienes  also  provided  a  satisfying  purely  analytical  treatment  of  the  relatively  simple  ca.se  of  .slab  impact 
of  ideal  ga.se.s,  thus  demonstrating  the  principle  of  late  stage  equivalence  in  impact  dynamics,  witliout 
having  to  rely  on  hydrcKodc  computations  inaccesible  to  the  reader. 

In  these  earlier  works  attention  was  restricted  to  strain-rate  independent  materials.  For  such  materials, 
the  effective  yield  stress  is  independent  of  the  size  of  the  cratering  flow.  For  strain  rate  dependant 
materials  this  is  no  longer  true.  Since  die  strain  rate  is  inversely  proportional  to  the  linear  scale  size,  the 
smaller  of  two  flows  will  have  higher  strain  rates  at  corresponding  points  and  thus  associated  higher 
yield  stresses.  For  two  cratering  flows  of  the  .same  .size,  however,  the  effective  yield  stress  is  the  same, 
so  that  we  can  assume  that  V/Vo  again  varies  as  the  impact  vekKity,  v*  -^‘*.  These  curves  of  constant 
crater  size  are  plotted  for  copper  as  l-'ig.  5.  On  a  given  curve  there  exists  some  effective  average  strain  rate 
and  an  as.sociatcd  average  yield  stress,  both  of  which  can  sensibly  be  taken  to  be  constant  within  a  single 
crater  formation  flow.  However,  differences  in  these  values  must  be  accounted  for  in  comparing  micro 
and  maCTO  impacts  such  as  those  discus.sed  in  earlier  sections  for  copper.  On  each  curve  the  crater  size 
(volume  V  or  crater  diameter  d)  is  constant,  but  the  projectile  size  (Vq  =  mQ/po)  is  understood  to  vary. 
For  the  copper  data  discussed  earlier  the  1  micron  curve  lies  below  the  (macro)  1  centimeter  curse  by  a 
factor  of  3.7  in  V/Vq  and  the  intennediate  curves  arc  at  positions  determined  by  the  stfess  versus  strain 
rate  curs'c  for  copper. 

For  many  applications  it  is  desirable  to  have  the  projectile  size  constant  on  each  curve,  .so  that  the 
aater  size  inaeases.  Such  a  rcpiot  of  die  information  in  Fig.  5  is  presented  in  Fig.  6.  Along  these  curves 
the  crater  volume  V  increases  more  rapidly  than  V*  74  is  because  strain  rate  and  yield  strength  :ire 
decreasing,  causing  larger  craters. 


XI.  CONCLUSIONS 

The  classical  laws  of  size  scaling,  as  applied  to  the  shiK'k  hydrodynamics  of  condensed  media  have  been 
put  to  severe  test.  The  size  reduction  spans  four  orders  of  magnitude  in  length  or  time  dimensions,  or  12 
orders  of  magnitude  in  extensive  variables,  such  as  corrc.sponding  masses  or  volumes.  The  observed 
departure  from  exact  scaling  is  by  a  factor  of  3.7  in  extensive  variables,  or  by  1 .5  in  corresponding 
lengths  or  times. 

The  departure  is  attributed  to  strain  rate  enhancement  of  the  flow  stress  in  the  copper  targets.  This 
dramatic  ri.se  in  flow  sU'C.ss  at  very  high  strain  rates  had  already  been  anticipated  in  the  theoretical 
literature. 

Work  in  this  area  is  of  interest  for  sevenil  reasons: 

1.  It  validates  and/or  refines  clas.sical  ,sh(x:k-hydrtHlynamic  size  scaling,  and  thus  pctltiins  directly  to 
the  important  engineering  area  of  scale  mtxlel  experimentation. 

2.  .Wain  rates  attainable  in  microparticle  impacts  extend  the  present-day  test  range  by  more  than  an 
order  of  magnitude.  The  detennination  of  material  strengths  at  thc.se  exceedingly  high  strain  rates  is  of 
obvious  fundamental  imptirlance. 
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Velocity  (cm/s) 

Fig.  5.  Relative  crater  volume  V/Vq  versus  impact  velocity  for  copier  targets. 
The  data  point  is  the  experimental  macro  point  discussed  in  the  text 
(v  =  6  X  10^  cm/sec,  V/Vq  =  83.5,  crater  diameter  1  cm,  average 
strain  rate  1=10^  /sec).  Each  curve  of  constant  crater  size  has  slope 
1.74.  Curve  spacings  are  determined  from:  e  d  =  10^  cm/sec  assumed 
constant  (size  scaling),  s  =  [1.385  +  0.3(logE  -  4)^  ]  x  10^  dynes/cm^ 
^a  fit  to  the  stress  versus  strain  rate  curve  of  Fig.  4,  for 
e  >  10'^  /sec),  and  the  dependence  of  relative  crater  volume 
upon  yield  strength  for  constant  impact  velocity  (from  the  Sorensen 
correlation  seen  as  Fig.  2). 


Velocity  (cm/s) 

Fig.  6.  Relative  aater  volume  V/Vq  versus  impact  velocity  for  copper  targets. 

Projectile  mass  is  constant  for  each  curve. 

3.  For  velocities  above  about  15  x  10-^  cm/sec,  the  only  preci.sely  controlled  hypervelocily 
experiments  have  been  performed,  at  Los  Alamos  and  elsewhere,  with  electrostatically  accelerated 
miCToparticles.  Experimental  data  are  available  for  velocities  throughout  the  meteoroid  velocity  range  (to 


784 


i.  M.  Walmi  <■/  III. 


about  70  X  10-^  cm/sec)  and  beyond.  To  understand  this  valuable  data  source,  and  to  be  able  to  scale  it 
with  confidence  to  larger  impact  events  we  need,  as  done  here  for  copper,  to  quantify  the  departures  from 
exact  size  scaling  and  attribute  such  departures  to  appropriate  material  properties. 
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ABSTRACT 

Empirical  relationships  between  the  velocity  of  small  plastic  flyer  plates  and  capacitor  charge  voltage 
and  energy  have  been  developed  for  small  exploding  bridge  foil  (EBF)  assemblies  used  in  an  electric 
gun  arrangement.  Of  particular  interest  was  the  effect  of  capacitance,  inductance,  flyer  plate  thickness 
and  barrel  dimension.  Three  different  switch  types  were  used.  Velocity  measurements  were 
performed  over  the  range  0.5  mm/ps  to  7  mm/ps  using  a  VISAR  velocity  interferometer. 

Electrical  Gurney  parameters  were  calculated  from  flyer  velocity  and  burst  current  density  data.  The 
Gurney  parameters  were  <^ound  to  be  different  for  each  capacitance  value.  For  fixed  capacitance,  but 
different  EBF  configurations,  the  parameters  were  found  to  be  similar. 

The  peak  flyer  velocity  as  a  function  of  charge  voltage  was  found  to  be  non-linear;  this  was  also  the 
case  for  the  peak  flyer  velocity  versus  firing  energy  and  energy-up-to-burst  versus  firing  energy  data. 
The  non-linear  relationship  indicates  that  the  EBF  flyer  generator  becomes  less  efficient  as  the  firing 
energy  increases. 


INTRODUCTION 

The  exploding  bridge  foil  (EBF)  comprises  an  "  hour-glass  ”  shaped  thin  metal  foil  intimately  bonded 
to  a  thin  plastic  sheet  (typically  Mylar  or  Kapton).  The  waist  area  of  the  foil  defines  the  bridge. 
When  a  high  current  rapidly  flows  through  the  foil,  the  bridge  explodes  and  accelerates  a  section  of 
the  plastic  sheet  to  high  velocity  (often  in  excess  of  5  mm/ps).  This  flying  section,  commonly 
referred  to  as  a  flyer  plate,  can  be  used  to  tailor  the  iinpact  pressure  and  shock  duration  in  shock 
impact  experiments  (Chau  et  at.,  1990).  For  improved  efficiency,  the  EBF  assembly  usually  includes 
a  tamper  and  a  barrel  (Fig.l).  The  complete  EBF  flyer  generator  includes  a  storage  capacitor,  a  fast 
acting  switch,  a  transmission  line,  and  the  EBF  assembly. 

The  performance  of  an  exploding  bridge  foil  generator,  defined  in  terms  of  the  velocity  of  the  flyer 
plate,  is  governed  by  the  EBF  configuration  and  by  the  firing  unit  circuit  parameters,  viz.  capacitance, 
inductance,  resistance,  and  capacitor  charge  voltage  (or  energy).  To  understand  the  individual  effect 
of  these  parameters  the  velocity  of  the  flyer  plate  can  either  be  measured  continuously  or  over  discrete 
intervals.  For  the  former,  optical  techniques  .such  as  the  VISAR  (Velocity  Interferometer  System  for 
Any  Reflector)  (Barker  and  Hollenbach,  1972)  or  the  Fabry-Perot  interferometer  (McMillan  et  at.. 
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1988)  are  usually  used.  For  the  latter,  a  TOAD  (Time  of  Arrival  Detector)  technique  (Waschl,  1988) 
provides  an  average  velocity. 

In  the  present  paper,  VISAP  I'ata  were  employed  to  determine  the  effect  of  circuit  parameters  on  the 
peak  velocity  of  small-s>.,^  ,  Hyer  plates  ( <  1  mm  square  bridge).  In  addition,  the  effect  on  peak 
velocity  of  different  *"  F  designs  and  of  three  different  spark  gap  switches  are  presented.  Empirical 
relationships  between  the  electrical  characteristics  of  the  bursting  bridge  and  the  peak  velocity  are  also 
examined. 


Fig.  1.  Exploding  bridge  foil  (EBF)  flyer  generator. 

EXPERIMENTAL 

The  EBF  flyer  generator  employed  flyer  plates  (Kapton)  of  13  pm,  25  pm,  and  50  pm  thickness.  The 
barrel  diameters  were  0.25  mm,  1.0  mm  or  infinite  (i.e.,  no  barrel).  A  copper  stripline  connected  the 
selected  firing  capacitor  to  the  bridge  foil.  The  capacitor  values  were  0.05  pF,  0.10  pF,  and  0.22  pF; 
to  facilitate  operations,  two  capacitors  of  each  value  were  used.  A  glass  tamper  was  used  underneath 
the  foil.  For  some  of  the  tests  performed,  the  standard  circuit  inductance  of  «10  nH  was  increased  to 
35  nH  and  73  nH. 

Two  of  the  three  switches  used  were  triggered  vacuum  spark  gap  switches  (Reynolds  IVARC  251- 
1001  and  EEV  TVG-5)  while  the  third  was  an  MRL  experimental  planar  triggered  spark  gap  switch 
operated  at  amt'ient  air  pressure.  The  planar  .switch  consisted  of  three  electrodes  etched  from  the 
stripline  material  (Fig.  2).  For  the  triggered  vacuum  spark  gap  switches,  an  alternative  stripline 
design  employed  a  rectangular  gap  acro.ss  which  a  switch  was  attached. 


Ktp'on  Coootr 


fin*  wir* 


Fig.  2.  Planar  spark  gap  switch. 

The  firing  capacitor  was  charged  from  MRL  designed  and  constructed  high  voltage  power  supplies. 
The  supplies  operated  in  a  simple  transformer  mode  using  a  quadrupler.  The  high  voltage  output  was 
monitored  via  a  high  impedance  voltage  probe  and  a  digital  voltmeter. 


Characien/aiion  ot  an  EBF  liver  generait^r 


787 


The  EBF  current  and  voltage  were  monitored  via  a  current  viewing  resistor  (CVR)  and  a  two  pin 
voltage  probe,  respectively.  The  probe  comprised  a  50  Q  resistor  in  series  with  a  current  transformer 
(Tektronix  CT-2).  A  data  reduction  program  (Waschl,  1988)  was  employed  to  determine  various 
electrical  characteristics  of  the  EBF.  Parameters  such  as  dynamic  foil  resistance,  current  density  and 
energy-up-to-burst  were  calculated  for  later  comparison  with  the  velocity  data. 

Once  the  capacitor  was  charged,  a  delay  pulse  generator  was  triggered  to  provide  sequential  triggering 
of,  in  order,  an  electro-optical  shutter,  the  VISAR  photomultipliers,  an  avalanche  transistor  pulse 
generator,  and  finally  the  spark  gap  switch.  The  avalanche  pulser  provided  a  fiducial  signal  so  that 
records  from  different  oscilloscopes  could  be  correlated. 

Laser  output  powers  were  in  the  range  0. 1  W  to  0.3  W  and  exposure  of  the  target  to  the  laser  beam, 
controlled  by  the  electro-optic  shutter,  commenced  a  few  microseconds  before  bridge  foil  functioning. 


RESULTS 


System  Charaaerizalion 

The  intrinsic  circuit  inductance  and  resistance  are  influenced  by  the  choice  of  capacitor  and  the  design 
of  the  stripline.  In  addition,  the  dynamic  circuit  resi.stance  is  dependent  on  the  spark  gap  switch 
(Loeb,  1939)  and  the  charge  voltage  (Richardson,  1987).  In  these  experiments,  the  stripline  design 
was  essentially  kept  constant. 

For  each  circuit  parameter  or  EBF  configuration  investigated,  the  circuit  inductance  and  resistance 
was  estimated  from  ringdowns  (Waschl,  1988).  The  approximate  mean  calculated  values  for 
inductance  and  resistance  are  shown  in  Table  1.  For  the  six  different  switch  and  capacitor 
arrangements  the  inductance  values  were  in  the  range  9-14  nH  while  the  resistance  values  were  in  the 
range  40-230  mQ.  The  resistance  for  each  arrangement  tends  to  increase  as  the  voltage  decreases.  For 
the  MRL  switch/0.05  pF  arrangement  the  trend  was  less  clearly  deflned  due  to  the  scatter  in  the  data. 
The  MRL  switch  was  more  resistive  than  the  vacuum  spark  gap  switches. 

Table  1.  Circuit  Inductance  and  Resistance 


Switch 

Capacitance 

(mF) 

Inductance 

(nH) 

Resistance 

(mf2) 

Firing  Voltage 
(kV) 

MRL 

0.05 

9 

230 

3. 7-2.0 

0.10 

10 

90-170 

2.2-0.6 

0.22 

11 

90-150 

2.0-0.6 

Reynolds 

0.05 

11 

70-90 

3. 2-1. 5 

0.22 

14 

40-80 

3. 0-0.5 

EEV 

0.22 

14 

50-90 

1. 8-0.5 

The  measured  peak  current  as  a  function  of  firing  voltage  is  shown  for  each  of  the  three  switch 
arrangements  in  Fig.  3.  The  peak  current-voltage  relationships  appear  to  be  linear. 


Variation  of  Peak  Velocity  with  Firing  Voltage/Energy 

The  peak  flyer  velocities  were  measured  from  the  velocity-time  histories.  The  signal-to-noise  ratio  of 
the  raw  VISAR  data  signals  was  u.sually  low  at  the  moment  the  flyer  reached  its  maximum  velocity. 
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Consequently,  many  of  the  velocity-time  histories  were  correspondingly  noisy  near  the  peak;  the  peak 
values  were  thus  determined  by  smoothing  the  curve  by  eye.  In  general,  the  noise  level  increased 
with  increased  firing  voltage.  The  uncertainty  of  the  VISAR  measurements  was  estimated  to  have 
ranged  from  ±2%  to  ±5%. 

By  the  method  of  least  squares  (Asystant  GPIB,  1988),  the  velocity-voltage  data  were  fitted  to  the 
following  equations: 

Uf  =  tnlaV^  *  b)  *  cV^.  (1) 

Uf  =  fnlaf^  *  b) .  cEf.  (2) 

where  =  peak  flyer  plate  velocity  in  mm/ps,  =  capacitor  firing  voltage  in  kV,  and 
Ef,  =  capacitor  firing  energy  in  mJ. 

Peak  Curronl.  kA  PaaK  iTurrenl  kA 


%  ? 


r.f.tiQ  VC'ltjpO.  k\ 

(c) 

Fig.  3.  Peak  current  versus  firing  voltage  for:  (a)  MRL  switch, 

(b)  Reynolds  switch,  and  (c)  EEV  switch. 

In  fitting  the  data,  no  attempt  at  distinguishing  between  capacitors  of  the  same  nominal  capacitance 
was  made.  The  form  of  the  equation  was  chosen  on  the  basis  that  the  variance  was  less  than  that  for  a 
polynomial  (quadratic)  fit.  The  fitted  equations  are  given  in  T:tbles  II  and  III  for  flyer  velocity  as  a 
function  of  voltage  and  energy,  respectively.  The  velocity/voltage  observations  and  the  fitted  curves 
for  the  various  capacitance,  inductance,  switch,  flyer  thickness,  and  barrel  diameter  arrangements 
evaluated  are  shown  in  Fig.  4.  The  velocity/  energy  data  are  shown  in  Fig.  5. 

A  number  of  velocity  measurements  were  conducted  at  voltages  near  the  onset  of  flyer  formation 
(e.g.,  for  the  MRL  switch  this  occurred  around  0.6  kV  for  the  0.22  pF  capacitor).  For  some  of  these 
firings,  the  thin  plastic  sheet  covering  the  bridge  foil  remained  intact.  Post  burst  inspections  revealed 
a  small  bubble  above  the  burst  bridge. 

The  time  of  the  initial  motion  of  the  flyer  plate  was  also  investigated  with  respect  to  the  burst  voltage 
lime.  For  all  of  the  capacitance,  inductance,  switch,  flyer  thickness,  and  barrel  diameter  arrangements 
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tested,  the  data  show  that  for  firing  voltages  above  *=1.5  kV  that  the  initial  motion  of  the  flyer  plate 
and  the  burst  voltage  time  was  coincident  to  within  about  ±  10  ns  (the  error  bar  for  each  data  point 
was  about  ±5  ns).  Below  this  voltage  the  initial  flyer  motion  began  to  occur  before  the  burst  voltage 
time.  Near  the  lowest  firing  voltage  of  *0.5  kV,  the  time  difference  was  in  some  cases  >  50  ns. 

Table  II.  Fitted  Voltage  Equations 


Capacitance 
MRL  Switch; 

0.22  pF  Uf=/n(13.1Vc-7.36)+0.878Vc 
O.lOpF  Uf=/rt(10.2Vc-9.92)+0.506Vc 
0.05  pF  Uf=/n(5.68V(.-10.3)  +  0.554Vj, 
Reynolds: 

0.22  pF  Uf=/n(13.7Vc-6.33)+0.918Vc 
0.05pF  Uf  =  /n(7. 14Vj.-7. 89) + 0.53 1 


Inductance 
0.22  ^/Reynolds: 

14  nH  Uf=Zn(13.7Vc-6.33)+0.918Vj. 

35  nH  Uf=//j(31.4Vc-19.6)+0.466Vj, 

73  nH  Uf=/«(102V^-68.1)-0.496V^ 


Switches 
0.22  ^iF: 

MRL  Uf=/«(13.1V^-7.36)+0.878Vc 
Reynolds  Uf=/«(13.7V^,-6.33)  +  0.918Vj. 
EEV  Uf=/;i(31.7Vj.-16.4)+0.429Vc 
Fiver  Thickness 
0.22  /JF/Reynolds: 

13  pm  Uf=/n(36.0Vj.-17.8)+0.533Vc 
25  pm  Uf=/n(13.7Vj,-6.33)+0.918Vc 
50  pm  Uf=//i(13.8Vj,-6.97)+0.307Vc 
Barrel  Diameter 
0.22  fjF /Reynolds: 

infinite  Uf=/n(13.7V^-6.33)+0.918Vc 
0.25  mm  Uf=/w(36.2Vj.-22.8)+0.499Vc 
;  0  mm  Uf=/«(15.6V^-8.32)+1.02V^ 


Table  III.  Fitted  Energy  Equations 


Capacitance 
MRL  Switch: 

0.22  pF  Uf=/«(0.165Ec-5.67)+0.00109E, 

0.10  pF  Uf=/n(0.154Ec-7.15)+0.00109E, 

0.05  pF  Uf=/n(0. 147Ec-12. 1)+0.00227E, 

Reynolds: 

0.22  pF  Uf=/n(0.193Ec-4.48)+0.00108E, 

0.05  pF  Uf=/n(0.234Ec-7.27)+0.00154E, 


Inductance 
0.22  ftF/Reynolds: 

14  nH  Uf=/«(0.193Ec-4.48)+0.00108Ec 

35  nH  Uf=Z«(0.291Ec-12.4)-0.000262Ec 

73  nH  Uf=/n(0.458E^-22.1)-0.00304E^ 


Switches 
0.22  fjF: 

MRL  Uf=/n(0.165Ec-5.67)+0.00109Ec 
Reynolds  Uf=/n(0.193Ec-4.48)+0.00108Ec 
EEV  Uf=Z/j(0.302Ec-8.68)-0.000218Ec 
Fiver  Thickness 
0.22  fuF/Reynolds: 

13  pm  Uf=/«(0.366Ec-9.61)+0.000157E, 
25  pm  Uf=/«(0.193Ec-4.48)+0.00108Ec 
50  pm  Uf=/«(0. 1 17Ec-2.98)-0.000488Ec 
Barrel  Diameter 
0. 22  ftF/Reynolds: 

infinite  Uf=/n(0. 193Ej,-4.48)+0.00108Ec 
0.25  mm  Uf=/n(0.337Ec-14.6)-0.0001 15Ec 
1.0  mm  Uf=/n(0.219E^-6.97)+0.00155E^ 


Electrical  Characterization  of  the  EBF 

From  the  EBF  current  and  corrected  voltage  measurements  (Podlesak  et  al.,  1992)  the  current  density, 
dynamic  resistance  and  energy  deposited-up-to-burst  were  calculated.  Over  the  voltage  range 
investigated,  only  the  resistance  at  burst  was  found  to  be  nearly  constant  and  independent  of  the  other 
parameters  employed.  The  value  was  typically  between  0.6  O  and  0.7  fi,  falling  to  0.2  Q  only  for 
the  lowest  firing  voltages. 

The  energy  deposited-up-to-burst,  E{,,  is  plotted  in  Fig.  6  as  a  function  of  firing  energy  for  the 
capacitance,  inductance,  switch,  flyer  thickness,  and  barrel  diameter  arrangements  evaluated.  The 
data  begin  steeply  and  then  tend  to  flatten  out  at  the  higher  firing  energies. 
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MRL  Switch 


Reynolds  Switch 


Fig.  4.  Peak  flyer  velocity  versus  firing  voltage  for  the  capacitance,  inductance,  switch, 
flyer  thickness,  and  barrel  diameter  arrangements  evaluated. 


Figure  7  shows  the  relationship  between  the  burst  current  density,  Jj,,  and  the  peak  flyer  velocity  as  a 
function  of  capacitance.  Theoretical  curves  based  on  the  electrical  Gurney  model  (Tucker  and 
Stanton,  1975)  are  also  shown.  The  values  for  the  electrical  Gurney  parameters,  K  and  n,  were  found 
by  using  a  least  squares  fit  (Press  et  al.,  1987)  on  the  burst  current  density  data  and  are  shown  in 
Table  IV.  Switch  type  did  not  affect  the  determination  of  K  and  n  and  therefore  K  and  n  values  for 
the  particular  switches  are  not  shown  explicitly.  Too  few  data  points  were  available  to  provide  K  and 
n  values  for  the  inductance  and  barrel  diameter  investigations. 


DISCUSSION 

Table  1  shows  that  for  both  the  MRL  and  Reynolds  switches,  the  calculated  circuit  inductance  was 
approximately  constant  over  the  range  of  capacitance  values  employed.  Within  each  of  these  switch- 
capacitance  sets  the  calculated  resistance  ranges  are  also  similar,  except  for  the  MRL  switch/O.OS  pF 
arrangement  where  the  resistance  is  significantly  higher.  The  MRL-,  Reynolds-,  and  EEV/0.22  pF 
arrangements  had  approximately  the  same  circuit  inductance  and  resistance  values. 

It  was  found  that  at  low  voltages  («0.6  kV)  for  the  MRL  switch/0.22  pF  and  0. 10  pF  arrangements 
there  appeared  to  be  a  decrease  in  inductance  but  this  is  believed  to  be  the  result  of  an  unreliable 
calculation.  The  signal-to-noise  ratio  was  low  causing  the  time-interval  measurement  to  be  of  dubious 
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precision.  No  apparent  decrease  in  inductance  occurred  for  the  Reynolds  and  EEV  switches. 


MRL  Switch 


Reynolds  Switch 


Inductance 


Switches 


Flyer  Thickness 


Barrel  Diameter 


Fig.  5.  Peak  flyer  velocity  versus  firing  capacitor  energy  for  the  capacitance, 

inductance,  switch,  flyer  thickness,  and  barrel  diameter  arrangements  evaluated. 


Based  on  the  measured  peak  currents  (Fig.  3),  the  two  capacitors  employed  at  each  capacitance  value 
are  electrically  equivalent. 


For  a  ringdown,  the  first  current  peak  is  approximately  given  by 


[C 

4  Vz. 


where  Ip  =  peak  current,  R  =  circuit  resistance,  C=capacitance,  and  L  =  circuit  inductance. 


(3) 


Assuming  constant  C  and  L,  equation  (3)  shows  that  if  changes  of  R  with  changing  are  small,  the 
peak  current  would  be  approximately  directly  proportional  to  Vj,,  which  is  the  form  of  the  data  shown 
in  Fig.  3.  Fitting  a  straight  line  to  the  data  and  using  equation  (3)  provides  an  alternative  method  for 
estimating  R.  Values  obtained  for  R  in  this  way  were  higher  (by  up  to  200%  in  some  cases)  than 
those  obtained  from  ringdowns. 
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Fig.  6.  Energy-up-to-burst  versus  firing  capacitor  energy  for  the  capacitance, 

inductance,  switch,  flyer  thickness,  and  barrel  diameter  arrangements  evaluated. 


Fig.  7.  Peak  flyer  plate  velocity  as  a  function  of  burst  current  density  for  EBF  flyer 
generators  employing  0.05,  0. 10  and  0.22  pF  capacitors.  For  each  set  of  data 
the  electrical  Gurney  model  (EGM)  is  also  shown. 
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Table  IV.  Electrical  Gurney  Energy  Parameters 


K 

EBF(Cu) 

n 

C 

(fF) 

Flyer  Plate 
Thickness 
(pm) 

L 

(nH) 

3.08x10-^ 

2.176 

0.05 

25 

10 

2.70x10-6 

1.968 

0.10 

25 

10 

8.67x10-6 

1.536 

0.22 

25 

12 

5.60x10-6 

1.544 

0.22 

13 

14 

5.80x10-6 

1.564 

0.22 

50 

14 

As  mentioned  above,  within  switch-capacitance  sets  the  EBF  flyer  generators  have  about  the  same 
circuit  inductance  and  resistance.  Thus  it  seems  valid  that  a  comparison  of  the  performance  of  the  EBF 
generators  within  the  MRL  and  Reynolds  switch  sets  would  show  the  effect  of  using  different  circuit 
capacitances.  Based  on  firing  capacitor  energies.  Fig.  5  shows  that  for  the  MRL  switch  there  appears 
to  be  an  insignificant  difference  between  the  0.22  pF  and  0.10  pF  capacitors  but  a  significant 
difference  between  these  capacitors  and  the  0.05  pF  capacitor.  On  the  other  hand,  for  the  Reynolds 
switch  there  is  an  insignificant  difference  between  the  0.22  pF  and  O.OS  pF  capacitors  up  to  an  E^,  of 
approximately  100  ml.  Above  this  energy,  a  small  difference  occurs. 

Similar  features  are  evident  in  the  Ej,  versus  E^.  curves  (Fig.  6).  The  different  performance  of  the 
MRL/0.05  pF  arrangement  at  low  firing  energy  is  considered  to  be  related  to  the  higher  switch 
resistance  rather  than  a  capacitance  effect.  The  switching  is  less  efficient  and  therefore  a  higher 
minimum  E^  is  required  before  the  flyer  plate  can  be  launched. 

The  crossover  in  the  energy  and  velocity  curves  (Figs  5  and  6)  is  believed  to  occur  because  (at  a  given 
energy  level)  the  smaller  valued  capacitor  is  charged  to  a  higher  voltage  thereby  producing  a  higher 
dl/dt  on  discharge.  Hence  it  can  deliver  energy  to  the  bridge  at  a  faster  rate.  The  different  rates  at 
which  different  capacitors  can  deposit  energy  results  in  the  smaller  capacitor  ultimately  depositing 
more  energy  into  the  bridge  and  thus  achieving  a  higher  flyer  plate  velocity. 

The  Reynolds  switch/0.22  pF  arrangement  with  and  without  added  circuit  inductance  shows  that  gross 
inductance  changes  are  needed  to  cause  significant  changes  to  EBF  flyer  generator  peiformance.  This 
supports  the  assumption  that  the  small  inductance  differences  shown  in  Table  1  do  not  invalidate  the 
investigation  of  capacitance  effects. 

For  optimum  transfer  of  electrical  energy  to  kinetic  energy  of  the  flyer  plate,  the  bridge  should  burst 
near  the  peak  of  the  ringdown  cycle  (at  this  point  no  energy  is  stored  on  the  capacitor).  The  time  at 
which  the  bridge  bursts  is  dependent  on  the  firing  energy  and  can  also  be  modified  by  changing  the 
circuit  inductance.  Therefore  by  adding  inductance  the  burst  point  can  be  brought  closer  to  the  peak 
of  the  ringdown  cycle  thereby  compensating  for  the  effects  of  reduced  dl/dt  and  i.  Hence  it  is 
possible  to  achieve  equality  in  performance  over  a  small  E^.  range  for  different  circuits  as  shown  in 
Figs  4,  5  and  6. 

Only  minor  differences  were  found  for  the  performance  of  the  MRL-,  Reynolds-,  and  EEV/0.22  pF 
arrangements  (Figs  4  and  S).  This  result  would  be  expected  because  of  the  similar  circuit  inductance 
and  resistance  of  the  switches  (Table  1). 

The  performance  of  the  Reynolds  switch/0.22  pF  arrangement  with  different  flyer  thicknesses  (Figs  4 
and  5)  follows  the  expected  trend  for  the  25  pm  and  50  pm  flyers  based  on  the  expression 
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where  V|,  V2,  mj,  and  m2  are  the  velocity  and  mass  of  the  two  different  flyers.  Equation  (4)  is 
derived  on  the  assumption  that  the  same  kinetic  energy  is  imparted  to  the  two  different  flyers.  For  the 
13  pm  thick  flyer  the  trend  is  different,  the  velocity  increase  being  at  least  20%  less  than  that 
predicted  by  equation  (4). 


An  interesting  feature  of  the  effect  of  the  flyer  plate  thickness  on  Ej,  can  be  seen  in  Fig.  6.  Up  to  an 
Ej.  of  300-400  mJ,  Ejj  is  found  to  be  independent  of  flyer  plate  thickness.  This  suggests  that  over  this 
range  of  E^.  the  kinetic  energy  of  the  flyer  plates  should  be  essentially  independent  of  flyer  plate 
thickness.  Thereafter  the  bridge  attached  to  the  thicker  flyer  plate,  which  is  able  to  remain  intact  for 
longest,  achieves  the  highest  Ejj  values.  The  reduced  ability  of  the  thinner  flyer  plate  to  confine  the 
foil  after  burst  may  be  one  reason  for  the  lower  than  expected  velocity  for  that  flyer  plate; 
confinement  by  the  flyer  plate  has  been  found  to  affect  the  resistivity  of  the  foil  (Stanton,  1976). 

The  performance  of  the  Reynolds  switch/0.22  pF  arrangement  with  different  barrel  diameters  (Figs  4 
and  S)  are  essentially  the  same  although  the  0.2S  mm  diameter  barrel  shows  a  small  difference  at  E^. 
less  than  about  75  mJ.  As  shown  in  Fig.  8  velocity-distance  data  for  the  three  different  barrel 
arrangements  also  appear  to  be  the  same.  McDaniel  (1990)  suggests  that  an  EBF  flyer  generator 
without  a  barrel  could  require  20%  more  firing  energy  to  achieve  the  same  velocity  as  that  with  one. 


0.1s  u 


Fig.  8.  Velocity-distance  data  at  nominal  firing  voltages  of  0.7  kV,  1.0  kV,  and  1.75 
kV  for  EBF  flyer  generators  with  barrel  diameters  of  infinite  (i.e.  no  barrel), 

0.25  mm,  and  1.0  mm. 

Several  investigators  (Harlan  et  al.,  1981,  Kleinhanss  el  al.,  1989,  Schwarz,  1977,  Vorek  and 
Velicky,  1981)  have  considered  the  shape  of  the  flyer  velocity  versus  voltage  curve.  For  large  bridges 
(measured  in  mm)  an  almost  linear  relationship  over  a  narrow  voltage  range  has  been  reported  (Harlan 
et  al.,  1981,  Schwarz,  1977,  Vorek  and  Velicky,  1981).  Schwarz  (1977)  has  found  a  non-linear 
relationship  for  bridges  similar  to  those  studied  here.  Barrels  were  employed  in  all  those 
investigations  and  only  Schwarz  (1977)  considered  voltages  down  to  the  onset  of  flyer  formation. 
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Figure  6  shows  that  there  is  also  a  non-linear  relationship  between  Ef,  and  E^.  In  fact  Figs  6  and  5 
show  similar  trends  as  might  be  expected.  The  gradient  changes  in  the  Ej,  curves  are  reflected  in  the 
gradient  changes  in  the  peak  velocity  curves.  This  suggests  that  the  peak  velocity  might  be 
proportional  to  Ej,.  The  exact  relationship  between  Ej,  and  Uf,  and  the  contribution  to  Uj-  due  to 
energy  deposited  into  the  bridge  following  burst,  has  not  been  addressed  in  this  paper. 

The  reason  for  the  non-linear  relationship  is  not  clear.  One  factor  may  be  the  degree  of  ionization  that 
is  achieved  after  the  bridge  is  vaporized.  This  is  important  because  as  the  gas  ionizes,  the  resistivity 
begins  to  drop  (Chen,  1974)  making  it  more  difficult  to  deposit  energy.  Therefore,  while  operating 
the  EBF  flyer  generator  at  a  higher  firing  energy  certainly  results  in  a  greater  Ej,,  this  is  achieved  with 
a  reduced  efficiency. 

It  is  interesting  to  note  that  such  a  non-linear  relationship  between  flyer  velocity  and  voltage  implies 
that  a  simple  energy  balance  consideration  such  as: 

^ kf  ^ 

where  =  the  kinetic  energy  of  the  flyer  plate,  and  —  a  constant,  cannot  provide  accurate 
estimates  of  the  flyer  velocity  over  a  wide  voltage  range  because,  in  general,  Eq  is  not  constant.  Such 
expressions,  however,  may  be  valid  over  small  voltage  ranges  as  proposed  by  Harlan  et  al.  (1981).  In 
these  cases  Eq  is  a  constant  and 

Uf  ^  Vc  (6) 

The  electrical  Gurney  parameters  shown  in  Table  IV  indicate  that  K  and  n  are  not  independent  of  the 
circuit  capacitance.  For  increasing  capacitance,  K  increases  while  n  decreases.  This  dependence  is 
possibly  related  to  the  unaccounted  for  rate  dependencies  of  the  1  and  m  parameters  employed  in  the 
original  electrical  Gurney  model  development  (Tucker  and  Stanton,  1975).  A  relationship  between 
circuit  inductance  and  the  Gurney  parameters  may  also  exist,  although  insufficient  data  are  presently 
available  to  determine  this. 

Table  IV  shows  that  similar  values  for  K  and  n  for  various  flyer  plate  thicknesses  were  obtained  for 
the  0.22  pF  EBF  flyer  generators.  This  shows  that  the  configuration  factor  adequately  accounts  for 
flyer  plate  construction,  as  expected. 


CONCLUSIONS 

The  functional  dependence  between  the  flyer  plate  velocity  and  the  firing  voltage  or  energy  has  been 
established  for  different  EBF  flyer  generators.  The  relationship  was  found  to  be  non-linear  over  a 
wide  voltage  range.  The  same  non-linearity  can  be  seen  in  the  relationship  between  Ej,  and  E^ 
suggesting  that  the  energy  deposited  into  the  post-burst  plasma  may  only  have  a  minor  effect  on  the 
final  velocity.  The  non-linearity  is  due  to  the  decreasing  efficiency  of  the  energy  transfer  from  the 
charged  capacitor  into  the  bridge  as  the  charge  voltage  increases. 

This  study  has  shown  that  circuit  inductance,  capacitance  and  resistance  (including  switch  resistance) 
can  affect  the  performance  of  these  small-.scale  EBF  flyer  generators.  It  is  po.ssible,  however,  to 
achieve  essentially  equivalent  performance  over  a  range  of  E^  by  appropriately  adjusting  the  circuit 
parameters.  Altering  the  flyer  plate  thickness  also  affected  performance,  although  this  appears  to 
reduce  as  the  thickness  decreases.  Barrel  dimension  seems  to  have  an  insignificant  effect  on  final  flyer 
plate  velocity. 

The  electrical  Gurney  model  parameters  for  the  various  EBF  flyer  generators  investigated  were  found 
to  depend  on  circuit  capacitance.  Switch  type  and  flyer  plate  construction  did  not  affect  these 
parameters. 
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ABSTRACT 

Results  of  2  mm  aluminum  spheres  perforating  Al,  Cu,  Mo,  Ag,  Au,  Sn,  and  Zn  metal  foils  of  a  purity 
>  99.9  %  with  thicknesses  between  0. 1  mm  and  2.0  mm,  densities  of  up  to  20  g/cm^,  melting  temperatures  of 
500  -  3000  K  and  specific  heats  of  fusion  of  20  -  350  kJ/kg  at  impact  velocities  between  Vp  =4.5  km/s  and  Vp 
=  9  km/s  are  presented.  The  influence  of  target  thickness,  target  material  properties  and  impact  velocity  on  the 
perforation  hole  diameter,  impact  flash  duration  and  expansion  velocity,  fragmentation  and  debris  cloud 
formation  at  nearly  constant  areal  density  is  demonstrated.  The  dependence  of  impact  crater  pattern  at  witness 
plates  on  target  material  density,  thickness,  impact  velocity  and  areal  density  ratio  between  projectile  and 
target  material  is  discussed.  For  tin  and  lead  evidence  is  given  for  the  ability  of  digital  scanning  electron 
microscope  analysis  as  an  effective  tool  for  indicating  change  of  aggregation  from  solid  into  liquid  and  for  the 
determination  of  relative  projectile  and  target  material  quantities. 


INTRODUCTION 

Space  objects,  e.g.  satellites  and  manned  space  vehicles,  are  hit  by  micrometeoroids  from  comets  and  asteroids 
or  space  debris  fragments.  These  natural  and  man-made  particles  in  low  (LEO)  and  geostationary  (GEO)  earth 
orbit  have  average  velocities  in  the  order  of  several  km/s  to  20  km/s.  Projectile  and  target  interaction  results  in 
an  impact  flash  and  a  fragmentation  process  with  different  states  of  aggregation  of  the  involved  materials. 
These  impact  phenomena  can  be  simulated  by  means  of  a  two-stage  light  gas  gun  for  impact  velocities  of  up  to 
10  km/s.  The  tests  have  been  carried  out  at  velocities  of  4.5  km/s,  6  km/s  and  9  km/s  with  2  mm  diameter 
aluminum  spheres  against  thin  metal  targets  with  a  purity  of  >  99.9  %,  melting  temperatures  between  500  K 
and  3000  K,  heats  of  fusion  from  20  kJ/kg  to  350  kf/kg  and  areal  densities  of  p  •  t  =  2.2  -  2.7  kg/m^  for  the 
investigation  of  (1)  the  duration  and  expansion  of  the  impact  flash,  (2)  the  influence  on  the  perforation  process 
and  (3)  the  fragmentation  behaviour  and  debris  cloud  formation.  According  to  the  high  shock  vave  amplitude 
at  these  impact  velocities,  the  fragmentation  process  is  accompanied  by  melting  and  vaporization  of  both 
projectile  and  target  material.  For  examination  of  the  fragmentation  behaviour  and  the  state  of  aggregation  the 
debris  cloud  formation  has  been  observed  with  an  IMACON-790  high-speed  camera  and  polished  copper  and 
aluminum  witness  plates  have  been  additionally  positioned  behind  the  target.  Perforation  hole  lips  as  well  as 
impact  crater  patterns  on  witness  plates  were  analyzed  by  scanning  electron  microscope  technique  for  (1) 
identification  of  solid  and  molten  material  and  (2)  for  determination  of  relative  projectile  and  target  material 
quantities. 


EXPERIMENTAL  SET-UP  AND  TEST  PARAMETERS 

The  impact  experiments  have  been  performed  at  the  EMI  15/5  mm  two-stage  light  gas  gun  for  impact 
velocities  of  Vp  ^  6  km/s  and  at  the  40/10  mm  LGG  for  >  6  km/s.  A  high  vacuum  pump  system  allows 
target  chamber  pressures  of  up  to  lO'^  Pa.  An  adapted  lMACON-790  high-speed  camera  with  a  time  resolution 
from  microseconds  to  nanoseconds  is  triggered  by  the  projectile  shortly  before  the  projectile  impacts  the  target 
(Fig.  1)  and  initiates  plasma,  debris  cloud  and  backsplash  formation.  Polished  copper  and  aluminum  witness 
plates,  100  X  100  mm  in  size  have  been  positioned  75  mm  behind  the  target  to  evaluate  the  state  of  aggregation 
of  both  projectile  and  target  material. 
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Fig.  1.  Experimental  set-up 

In  all  tests  2  mm  diameter  aluminum  spheres  were  used.  The  foil  thicknesses  were  varied  from  0.125  mm  for 
gold  (Au)  to  1.0  mm  for  aluminum  (Al)  and  densities  between  20  g/cm^  (Au)  and  2.7  g/cm^  (Al)  due  to 
roughly  constant  areal  densities  of  p  •  t  =  2.2  -  2.7  kg/m^.  Espwially  for  investigation  of  phase  changes  2.0 
mm  thick  tin  (Sn)  and  zinc  (Zn)  targets  with  high  areal  densities  of  p  •  t  »  14.5  g/cm^  and  low  melting 
temperatures  of  Tj„  »  500  K  (Sn)  and  *  700  K  (Zn),  respectively,  have  been  tesM.  As  can  be  seen  from 
Table  1,  the  melting  temperature  of  all  other  investigate  materials  -  besides  lead  (Pb)  -  are  distinctly  higher 
and  achieve  a  maximum  of  T^  =  3000  K  for  molybdenum  (Mo).  Further  physical  and  thermodynamic 
properties,  given  in  Table  1,  are  sound  velocity  Cj,  material  density  p,  vaporization  temperature  Ty,  specific 
heat  of  fusion  q^,,  specific  heat  of  vaporization  Qv,  target  thickness  t  and  areal  density  p  ■  t. 

Table  1 .  Physical  and  thermodynamic  properties  of  metal  foils 


Mat. 

purity 

[g/cm3] 

P 

[K] 

Tv 

[K] 

9m 

[kJ/kg] 

9v 

[kJ/kg] 

t 

(mm) 

p*t 

[kg/m=] 

[m/s] 

Mg 

99.9 

1.74 

923 

1373 

209.3 

5652 

1.0 

1.74 

5070 

Al 

99.999 

2.7 

933 

2543 

355.9 

11723 

1.0 

2.7 

5110 

Ni 

- 

8.90 

1728 

3273 

293.1 

6197 

0.3 

2.7 

4970 

Cu 

99.99 

8.96 

1356 

2603 

209.3 

4647 

0.25 

2.2 

3800 

Mo 

99.9 

10.2 

2898 

5833 

292.4 

7188 

0.25 

2.6 

5600 

Ag 

99.95 

10.45 

1234 

2223 

104.7 

2177 

0.25 

2.6 

2790 

Au 

99.99 

19.3 

1336 

2973 

67.0 

1758 

0.125 

2.4 

2000 

Zn 

99.95 

7.1 

692 

1180 

112.2 

1800 

2.0 

14.2 

3600 

Sn 

99.99 

7.3 

505 

2573 

58.6 

2596 

2.0 

14.6 

2690 

Pb 

- 

11.34 

601 

2003 

23.9 

921 

1.5 

17.0 

1200 

fm|\Ki  Hash  .itui  viohus  tKuiil  expansion 
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THIN  TARGET  PERFORATION 

By  definition  thin  targets  are  plates  with  thicknesses  t  less  than  or  equal  to  the  projectile  diameter  d.  Dependent 
on  t/d,  material  properties,  and  impact  velocity,  the  projectile  and  target  material  can  be  strongly  disrupted 
into  solid  fragments,  and  at  higher  velocities  melting  and  vaporization  can  additionally  occur.  The  hole 
diameter  increases  with  increasing  velocity  from  values  nearly  identical  to  the  projectile  diameter  d  for  very 
thin  targets  with  t/d  <  <  1  to  maximum  diameters  for  semi-infinite  targets  with  t/d  >  >  1.  Fig.  2  shows  the 
target  hole  diameter  D  normalized  by  the  projectile  diameter  d  as  a  function  of  the  impact  velocity  Vp  and  the 
t/d  ratio  as  a  parameter. 

D/d  _ 

- empirical  tit  (Kinslow)  | 

D/6  =  0.45  (t/cl)^'®Vp+  0.90  for  Al,  t/d  =  0  5  ! 

^  •  Zn,  1.0  -  Sn,  1.0  *  Mo,  0.125  o  j 

g  “  Au,  0.0625  0  Al,  0.5  ^  Ag,  0.125  I 

°  Cu,  0.125  I 


41-^  Pb,  0.75 


4  5  6  7  8  9 


Fig.  2  Perforation  hole  diameter  D  normalized  by  projectile  diameter  d  versus 
impact  velocity  v-  for  2  mm  diameter  aluminum  spheres  and  t/d  =  0.062.5, 

0.125.  0.5,  0.75.' 1.0 

In  the  diagram  the  foil  thickness  to  projectile  diameter  ratio  has  been  varied  from  t/d  =  0.0625  for  gold  (Au) 
to  t/d  =  0.125  for  molybdenum  (Mo),  copper  (Cu)  and  silver  (Ag).  which  are  materials  with  a  relatively  high 
density  and  melting  temperature.  For  these  t/d  ratios  the  D/d  dependence  on  Vp  is  very  weak.  For  greater  t/d 
ratios  the  normalized  perforation  hole  diameter  D/d  increa.ses  with  increasing  Vp,  as  shown  in  Fig.  2  for  the 
aluminum  and  tin/zinc  foils  with  t/d  ratios  of  0.5  and  1.0/ 1.0.  For  comparison  reasons  the  relationship 

^  =  0.45  •  Vp  •  ^  j  +  0.90  for  Vp  [kni/s]  and  0.040  ^  g  ^  0.504 

derived  from  experimental  data  for  aluminum  spheres  and  2024-T3  Al  shields  given  by  Kinslow  (1970) 
demonstrates  an  underestimation  of  the  experimental  data  found  for  the  aluminum  foils  of  high  purity,  tested  in 
this  work.  Further,  the  underestimation  is  much  stronger  for  the  metal  foils  with  thicknesses  of  l/d  =  0.0625, 
0.125  and  1.0,  which  consist  of  Au,  Ag,  Mo,  Cu,  Sn  and  Zn.  For  the  tested  tin  foils  the  D/d  values  are  about 
50%  greater  than  for  the  zinc  targets,  although  identical  target  thicknesses  were  chosen  (see  also  Fig.  4).  With 
p  =  7. 1  g/cm^  for  tin  and  p  =  7.3  g/cm^  for  zinc  the  material  densities  are  nearly  identical  and  both  materials 
have  low  melting  temperatures  of  Tp,  =  505  K  and  Tp,  =  692  K  but  the  specific  heat  of  fusion  of  tin  is 
half  the  value  of  qn,  of  zinc.  For  melting  I  kg  (in  a  heat  of  fusion  of  only  Qp,  =  58.6  kJ  is  necessary,  whereas 
the  liquefaction  of  the  same  mass  of  zinc  needs  twice  this  amount  (see  Table  1). 

Assuming  that  during  the  perforation  process  of  the  tin  as  well  as  the  zinc  foil,  the  impact-induced  shock  wave 
causes  identical  amounts  of  the  kinetic  energy  to  melt  target  material,  in  the  case  of  tin  twice  the  mass  of  zinc 
will  be  molten.  Indeed,  a  comparison  of  target  mass  losses  during  perforation,  determined  from  the  perforation 
hole  diameters,  gives  evidence  tor  this  assumption.  The  corresponding  mass  loss  values  for  the  velocities 
around  4.5  km/s,  6  km/s  and  9  km/s  are  listed  in  Table  2: 


Table  2.  Heat  of  fusion  Qn,  and  molten  target  masses  Am-]- 


target 

material 

''p 

[m/s] 

Ekm 

[J] 

Amj 

Ig] 

Qm 

[J] 

[%] 

'^mr/sn 

^m-r/zn 

Zn 

4660 

122.8 

0.283 

31.8 

25.9 

1.99 

Sn 

4710 

125.4 

0.562 

32.9 

26.2 

Zn 

6100 

210.4 

0.388 

43.5 

20.7 

2.16 

Sn 

6290 

223.7 

0.836 

49.0 

21.9 

Zn 

8180 

378.4 

0.644 

72.3 

19.1 

1.84 

Sn 

8670 

425.1 

1.184 

69.4 

16.3 

The  projectile  mass  of  mp 
and  a  material  density  of 

mp  •  Vp2. 


=  1.13-  10'^  kg  was  determined  due  to  an  aluminum  sphere  diameter  of  d  =  2  mm 
p  =  2.7  g/cm^.  The  heat  of  fusion  was  normalized  by  the  kinetic  energy  E^jn  = 


Additionally  to  the  tests  with  tin  and  zinc  foils,  one  experiment  has  been  performed  with  a  lead  foil  of  t  =  1.5 
mm  due  to  an  areal  density  of  p  ■  t  =  17.0  kg/m^,  similar  to  the  p  •  t  values  of  Sn  and  Zn.  The  melting 
temperature  of  T^  =  601  K  of  lead  is  between  T^  (Sn)  and  T^,  (Zn),  but  its  specific  heat  of  fusion  is  about 
half  the  q^  of  Sn  and  one  fifth  the  q^  of  Zn  (Table  1).  Fig.  2  demonstrates  that  lead  has  the  highest  D/d  ratio 
of  all  tested  foils.  From  this,  an  additional  hint  is  given  for  the  perforation  hole  formation  dependence  on 
thermodynamic  material  properties,  e.g.  Qn,- 


From  Figs.  3  and  5  it  can  be  seen  that  D/d  converges  asymptotically  against  D/d  =  1  for  infinitely 
thin  foils  with  d/t  -•  <»,  independent  of  the  material  properties  and  impact  velocity. 
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Fig.  3  Perforation  hole  diameter  D  normalized  by  projectile  diameter  d  versus 
projectile  diameter  to  foil  thickness  ratio  d/t  for  2  mm  diameter  aluminum 
spheres  at  impact  velocities  between  Vp  =  4.4  km/s  and  Vp  =  8.7  km/s 
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DEBRIS  CLOUD  FORMATION 
Projectile  and  target  materials  fragmentation 

During  the  perforation  of  a  target  by  a  hypervelocity  projectile,  fragmentation  of  projectile  as  well  as 
target  material  can  occur  if  the  tensile  stress  excels  the  fracture  stress.  Additionally,  at  each  free 
surface  the  shock  waves  will  be  reflected  as  rarefaction  waves  and  can  cause  further  fragmentation. 
The  shape,  dimensions  and  material  distribution  of  the  debris  cloud  as  well  as  the  fragment  size  of 
projectile  and  target  materials  is  a  function  of  the  material  densities,  thermodynamic  properties  such 
as  melting  temperature  T^,  specific  heat  of  fusion  projectile-diameter-to-target-thiclmess  ratio  d/t, 
and  the  impact  velocity  Vp. 

In  Fig.  8  a  0.1  mm  thick  brass  foil  with  a  material  density  of  8.6  g/cm^  (p  •  t  =  0.86  kg/m^)  was  perforated 
by  a  2  mm  diameter  aluminum  sphere  (d/t  =  20)  at  Vp  =  3.1  km/s,  4.2  km/s  and  4.5  km/s.  For  the  lower 
velocity  of  v^,  =  3.1  km/s  the  projectile  remains  nearly  intact  only  surrounded  by  small  projectile  particles. 
With  increasing  velocity  the  impactor  material  is  more  and  more  distributed  backward  of  the  ellipsoid-shaped 
cloud  due  to  the  higher  degree  of  fragmentation.  At  Vp  =  4.2  km/s  the  shock  and  reflection  waves  are  strong 
enough  to  disrupt  the  projectile  into  particles  of  uniform  size  distributed  on  a  concentric  ring.  A  small  increase 
of  Vp  causes  a  distinctly  smaller  fragment  size  located  on  a  larger  ring  diameter  Dr  (Table  4).  At  an  impact 
velocity  around  6  km/s  the  crater  ring  pattern  has  been  replaced  by  u  roughly  homogeneous  crater  size 
frequency  distribution. 


Table  4.  Crater  ring  diameters  and  half  space  angles;  spacing  75  mm 


Target 

material 

thick¬ 

ness 

[mm] 

[Icm/sj 

Dm 

[mm] 

D,2 

[mm] 

e, 

[degree] 

[degree] 

Fig.  No. 

Ms 

0.1 

4.2 

16.5 

. 

6.3 

8b 

0.1 

4.5 

21 

- 

8.0 

- 

8c 

Au 

0.125 

4.4 

28 

- 

10.6 

- 

9a 

Ag 

0.25 

4.4 

24.75 

39.5 

9.4 

14.8 

- 

Mo 

0.25 

4.6 

24.5 

38 

9.3 

14.2 

9c 

Cu 

0.25 

4.6 

25 

- 

9.5 

- 

9d 

Al 

1.0 

4.7 

26.5 

- 

10.0 

- 

10a 

Al 

0.914 

6.0 

31 

40.5 

11.7 

15.1 

10b 

The  occurrence  of  the  crater  ring  pattern  seems  to  be  not  very  sensitive  in  a  variation  of  the  foil  thickness  ;  and 
the  projectile  diameter  to  foil  thickness  ratio  d/t,  respectively,  as  long  as  the  areal  density  p  •  t  will  not  be 
changed  dramatically.  Figs.  8-10  depict  the  witness  plates  of  Ms,  Au.  Mo,  Cu  and  A1  foils  for  areal  densities 
of  p  •  t  =  0.9  -  2.7  kg/m^  and  d/t  values  between  2  and  20  due  to  foil  thicknesses  of  0. 1  -  1.0  mm  (Table  1) 
perforated  by  2  mm  diameter  aluminum  spheres  at  Vp  around  4.5  km/s.  A  comparison  of  Fig.  8c,  Figs.  9  -  10b 
and  Table  4  shows  distinctly  larger  impact  craters  on  a  smaller  crater  ring  diameter  D, |  for  the  0. 1  mm  Ms  foil 
than  for  the  thicker  Ag,  Mo,  Cu,  Au  and  Al  targets.  In  addition,  maximum  half  space  angles  of  0|  =  10.0 
degrees  and  10.6  degrees  were  measured  for  the  low  dense  aluminum  (p  =  2.7  g/cm^,  t  =  1.0  mm)  and  high 
dense  gold  foils  (p  =  19.3  g/cm^,  t  =  0. 125  mm).  For  the  0.25  mm  Ag,  Mo  and  Cu  bumpers  nearly  identical 
0|  values  of  9.4,  9.3  and  9.5  degrees  have  been  determined.  Additionally,  for  the  Ag  and  Mo  sheets  of  equal 
densities  p  =  10.45  g/cm^  and  p  =  10.2  g/cm^,  second  crater  rings  of  02  =  14.8  degrees  (0)  =  9.4  degrees) 
and  02  =  14.2  degrees  (0)  =  9.3  degrees)  have  been  observed. 

At  higher  velocities  of  Vp  around  6  km/s  crater  ring  patterns  could  only  be  identified  for  1  mm  aluminum 
targets  (Figs.  10a  -I-  10b). 

In  nearly  all  experiments  the  impact  crater  ring  pattern  on  witness  plates  is  indicated  by  the  shape  of  a 
truncated  cone  of  the  front  part  of  the  cloud  with  particle  concentration  al  front  and  rear  lines. 

Crater  ring  pattern  has  also  been  found  for  10  mm  hard  metal  spheres  of  p  =  14.7  g/cm^  impacting  2  mm 
steel  targets  of  an  areal  density  of  p  ■  t  =  15.7  kg/m^  at  impact  velocities  between  3.5  km/s  and  4  km/s  (Stilp 
et  al..  1990)  and  for  1  mm  soda-lime  glass  spheres  against  0.25  mm  teflon  foils  at  v_  =  6  km/s  (Horz,  1990). 
From  this  and  the  results  presented  here,  a  necessary  condition  for  the  appearance  or  impact  crater  ring  pattern 
seems  to  be  that  the  areal  density  of  projectile  material  pp  •  d  is  greater  than  the  areal  density  p  •  t  of  target 
material. 
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l  ig,  1 1  Dcliris  v'linids  ai  time  t  alter  impact  and  iinpaei  crater  pattern  of  2  mm 
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ayamst  2  mm  thick  tin  (Sn)  and  /inc  t/ni  foils;  copper  uiincss  plates  with 
a  spacing  of  7.s  mm. 

I  ig.  II  evliihiis  the  results  i>f  2  mm  thick  tin  and  /me  foils  with  densities  of  p  =  7..^  g.'cm-’  and  p  =  7. 1 
g  cm*,  due  tti  areal  densities  of  p  ■  i  =  14.0  kg  m-  and  p  •  t  =  14.2  kg  in^  perforated  by  2  mm  diameter 
.tiumimim  spheres  (p„  ■  d  ~  .^.4  kg  iii-i  at  velivities  around  Vp  =  S..*'  km-s.  As  ptunled  out  and  indicated  by 
geometrical  shapes  of  debris  ^knids,  mi  crater  ring  pattern  appears.  The  degree  of  fragmentation  of  tin  is  much 
higher  Ihitn  for  /me  due  to  the  hnser  specific  heat  of  fusii'n  q,„  of  tin  (Tig.  I.'s). 
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The  material  compression  by  the  shock  waves  along  the  Hugoniot  curve  is  a  nonisentropic  process,  whereas 
the  release  to  ambient  pressure  is  a  near  isentropic  one,  thus  the  impact-involved  material  will  be  heated  in  its 
final  (decompressed)  state.  Dependent  on  the  impact  velocity,  the  state  of  material  can  be  changed  from  solid 
into  the  liquid  and/or  vaporized  condition.  Table  5  depicts  the  Hugoniot  pressures  for  melting  and  vaporization 
of  some  metals  tested  in  this  work  (Kinslow,  1970;  Zukas,  1982;  Anderson,  Jr.,  et  al.,  1990).  For  the  Al,  Cu 
and  Pb  targets  where  the  projectile  consisted  of  Al  the  impact  velocities  for  the  state  change  are  given.  Fig.  12 
shows  the  estimated  residual  temperature  versus  particle  velocity  (one-half  of  the  impact  velocity)  for  Al 
Al,  Pb  -*  Pb  and  Mo  -»  Mo  (Anderson,  Jr.,  et  al.,  1990).  A  comparison  of  Table  5  and  Fig.  12  delivers  that 
the  given  impact  velocities  of  Table  5  for  incipient/complete  melting  and  vaporization  are  twice  the  value  of 
the  particle  velocities  if  impactor  and  target  consist  of  the  same  material. 


Table  5;  Impact  pressures  and  velocities  for  melting  and  vapiorization 


Target  Proj.  Incipient  Melting  Oaiplete  Melting  Incipient  Vaporization  Oonplete  Vaporization 


rat. 

rat. 

[GPa] 

pceesure 

(GPa] 

'"p 

[km/s] 

pressure 

[CPa] 

''P 

(km/s] 

pressure 

(GPa) 

''P 

[km/B] 

pressure 

[GPa] 

''p 

[km/s] 

Al  # 

Al 

67 

5.50 

88 

6.6 

167 

10.2 

470 

- 

CU  / 

Al 

140 

6.60 

184 

B.OO 

340 

12.6 

3400 

- 

Pb  # 

Al 

27 

2.1 

34 

2.5 

84 

4.8 

230 

9.1 

Au  * 

- 

150 

- 

160 

- 

- 

-  - 

- 

Md  + 

MD 

238 

5.5 

289 

6.3 

409 

8.00 

- 

- 

#  [Zukas],  *  [Kinslow],  +  [Anderson,  Jr.] 


The  digital  scanning  electron  microscope  photographs  of  Fig.  13  present  a  typical  impact  crater  of  an  Al/Ag 
crater  ring  pattern  at  Vp  =  4.4  km/s.  According  to  Table  5,  for  an  Al/Al  impact  incipient  melting  can  be 
achieved  at  v-  =  5.5  km/s.  Because  of  p^g  >  3  •  p^i  the  Al/Ag  impact  yields  melting  at  a  lower  Vp,  proven 
by  the  pasty  look  of  the  crater  surface  material  (Fig.  l3a),  mainly  consisting  of  aluminum  from  the  projectile 
(Fig.  13b).  It  has  been  found  that  the  target  material,  here  indicated  by  silver,  is  homogeneously  distributed 
inside  as  well  as  outside  the  craters,  evident  with  the  assumption  of  a  uniform  target  material  distribution  over 
debris  cloud  surface  (Zukas,  1982;  Piekutowski,  1990). 

For  incipient  melting  of  Pb  by  an  Al  projectile  a  Vp  =  2. 1  km/s  is  necessary,  which  is  distinctly  lower  than  the 
impact  velocity  for  melting  of  tin  due  to  the  different  shock  wave  data  (van  Thiel,  1966)  and  thermodynamic 
properties. 

In  the  case  of  tin  and  zinc  foils  (d/t  =  1.0)  the  residual  velocity  of  debris  cloud  particles  v^  <  1/3  Vp  (Fig. 
11)  is  sufficiently  low  not  to  cause  changes  of  aggregation  of  copper  witness  plate  material  by  Sn  and  Zn 
particle  impact. 


Fig,  14  Digital  scanning  electron  micrographs  of  the  front  part  of  the  perforation 
hole  lips  of  2.0  mm  thick  tin  (Sn)  and  zinc  (Zn)  foils  perforated  by  2  mm 
diameter  aluminum  spheres  at  impact  velocities  between  Vp  =  4.7  km/s 
and  8.7  km/s.  corresponding  to  Fig,  4. 


It  inni,  \ , 


/n  r.i)  mni; 


S.2  krn  s 


I’b  I  b  mm;  \ p 


S.ll  km  s 


i  iL'  vi..iii!imL' (.'li'itri'ii  MiKToiiraphs  i>!  till.' pu'iLVliic  and  larj^L'i  maicnal 
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lU  eomparison  ol  I  lys.  14  and  1^  inelimp  ot  tm  ohsiousls  oeeurs  at  a  hivser  s.,  than  m.eltmp  ot'  /me.  heeause 
ol  shtterent  thermodsnamie  prv'perties  Inn  ei|'.ial  Hueonnn  data  Ison  line!.  Idpbi  1  he  molten  eondition  ot  tin 
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solidilied  droplets  at  me  msianee  ot  iin|)ael.  I’he  hiitlter  the  temperature  and  nnpaet  seUvits  ot'  molten 
ma'enal.  the  lonpet  the  t'daments, 
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I’ertoration  proeesses  »>]  i;  m  diameter  aluminum  spheres  and  thin,  high  pure  metal  Unis  ssith  comparable 
.'.real  deiisuies  aeeompa.nied  h\  impact  phenomena  such  as  impact  Hash  and  changes  of  aggregation  at  impact 
scloeilies  o!  uii  to  4  km  s  hase  been  discussed.  It  has  been  found  that,  for  mtlnilels  linn  foils,  the  perforation 
hole  di.im.eter  converges  to  tlie  proiectile  diameter.  inde|iendem  of  the  material  properties  and  impact  vekviis. 
1  or  tinckcr  toils  the  mtiucnce  ot  the  impact  seUviis  on  the  Imie  si/e  incretises.  In  the  case  of  metals  vcith  k'u 
melting  temperatures  .uul  specitic  heals  ot  liision.  such  as  tin.  /me  and  lead  the  pcrtoration  prix'Css  uas 
addiiu'iialK  eltecicd  In  changes  ot  .tggregaiion.  I  t>r  2  inm  thick  tm  and  /me  targets,  it  seas  shosen  that 
pcrioraiioii  ot  materials  seiih  comparable  ilensities  and  melting  temperatures  but  losser  specific  heats  eif  fusion 
causes  larger  ivrioratum  he'le  shaineiers. 

Ihe  iluraiion  ot  the  impact  llash  seas  lound  to  be  dependent  on  impact  sclocit>  and  target  material.  .M 
selocilies  arouml  4  km  s  ansi  S  ,s  km  s  the  Hash  sluralion  lime  seas  in  the  order  ol  1  ^is  and  4  ^is.  respectively, 
in  the  case  ol  coptxr  iinls  even  nuire  than  S  /ss.  .X  cs'inpariss'n  of  ssutcomes  Isnind  in  literature  and  results 
presented  m  this  pa|X'r  slcpictesl  that,  at  impact  velocities  beteeeen  4  km  s  ami  d  km  s  the  evpansion  vekx'ily  ot 
the  impact  ll.ish  does  not  evceesl  Id  I"'  km  s. 

1  he  occurrence  ol  crater  ring  pattern  ol  thin  foils  with  areal  densities  between  t).d  -  2.7  kg  in-  due  to  proiectile 
sliainetcr  to  toil  thickness  ratios  id  2  2d  has  been  observed  at  an  impact  vek'ciiy  around  4.11  km  s.  This 
pattern  is  indicated  bs  the  sha|X'  I'l  a  irinicaled  ci'iie  s>f  the  front  part  of  Ihe  debris  cloiuk  identified  in  high 
speed  photographs.  1  he  Uirinalion  sd  these  crater  rings  seem  Is'  be  not  very  sensitive  in  a  variation  of  the  foil 
llnckiiess.  if  the  areal  ilensiis  is  md  changed  dramatically.  It  has  been  exhibited  that  in  all  experiments  where 
this  ring  pattern  has  apix'ared.  the  .ireal  densiiv  i>l  the  proiectile  was  greater  than  that  of  the  target. 

Digital  scanniiig  eleclrtni  niKioscope  an.iivsi\  was  |x>mled  out  as  a  successlul  tiud  to  distinguish  between  solid 
ami  liquul  st.iles  id  aggregation  id  debris  e'ond  material  lrap|X'd  by  witness  plates 
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ABSTRACT 

Results  of  an  experimental  and  computational  investigation  on  the  effects  of  the  shape  of  an  explosively 
formed  projectile  on  the  penetration  into  various  targets  are  presented.  Seven  different  shapes  of  Armco 
iron  EFPs  with  a  velocity  range  of  1666  -  1862  m/s  were  fired  into  stacked  targets  consisting  of  mild 
steel,  RHA,  aluminum  armour,  and  OFHC  copper  plates.  Numerical  simulations  were  performed  with 
the  ZeuS  two-dimensional  hydro-code.  It  was  found  that  a  range  of  projectile  profiles  and  velocities 
produced  differing  levels  of  penetration  into  the  various  targets. 

INTRODUCTION 

The  design  of  explosively  formed  projectile  (EFP)  warheads  involves  many  parameters  which  effect  the 
projectile  shape.  Physical  properties  and  responses  of  the  explosive,  liner  and  casing  materials  represent 
some  of  these  parameters.  Other  parameters  are  geometric,  such  as  liner  contours,  casing  dimensions, 
charge  diameter,  etc..  Successful  EFP  design  will  arrive  at  parameters  which  lead  to  an  EFP  able  to 
defeat  a  specific  target. 

Presented  in  this  paper  are  comparisons  of  experimental  results  of  19  firings  (sectioned  target  profiles) 
and  two-dimensional  finite  element  calculations  of  EFP  penetration.  Correlations  between  the  EFP 
profiles  and  velocities  and  the  penetration  depths  were  established. 

EXPERIMENTAL  SET-UP 

The  EFP  charge  design  is  described  previously  (Wcickeri  and  Gallagher,  1992).  Through  variation  of 
the  charge  confinement  parameters,  seven  EFP  shapes  were  produced  from  a  single  liner/case  design. 
Characterization  of  tlie  EFPs  was  derived  from  flash  X-radiographs  of  the  projectiles  in  flight  and  through 
examination  of  soft-recovered  projectiles. 

A  series  of  targets,  made  up  of  stacked  thicknesses  of  plate,  were  assembled  and  fired  against  with  an 
array  of  tlie  seven  iron  EFP  shapes  generated  (shown  in  Fig.  L);  1-7  against  mild  steel,  and  1,  3,  5,  and 
7  against  each  of  RFIA,  Al,  and  Cu.  F.ach  Uirget  was  composed  as  described  in  Table  I  below. 

Targets  were  shot  at  close  range  (-1.4  m),  but  at  a  sufficient  distance  to  allow  the  EFPs  to  form 
completely.  Flash  X-radiographs  were  taken  for  each  EFP  prior  to  impact  to  establish  velocity  and 
profile. 
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*AI1  backed  with  4  -  300  nun  squares  of  25.4  mm  thick  mild  steel  and  a 
600  mm  square  of  100  mm  thick  armour  plate. 


NUMERICAL  SET-UP 

Numerical  simulations  of  the  EFPs  impacting  and  penenating  the  various  targets  were  run  on  an  80486 
based  micro  computer  using  ZeuS  (Zukas  and  Segleles,  1987)  a  two-dimensional,  Lagrangian  hydro-code. 
The  penetrator  and  target  properties  used  for  the  code’s  material  models,  are  shown  in  Table  II.  This 
was  the  latest  release  of  the  ZeuS  code,  and  there  is  not  yet  an  extensive  library  of  material  properties. 
Furthermore,  the  failure  and  erosion  criteria,  in  the  code  have  been  re-worked.  Thus  parameters 
controlling  these  events  have  not  been  developed  fully  for  the  materials  studied  here.  They  are  also  code 
dependent  numerical  parameters  and  not  completely  linked  to  a  physical  property.  Also,  strain  rate  and 
temperature  dependent  properties  were  not  used,  since  the  specific  materials  used  here  have  not  yet  been 
characterized  to  this  extent. 

RESULTS 

The  purpose  of  the  present  study  was  to  detennine  the  effect  of  an  EFP  profile  on  the  penetration  into 
a  variety  of  target  materials. 


Peneiraiion  of  explosively  formed  projectiles 
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In  Fig.  1  are  shown  the  seven  EFP  profiles  produced,  PI  through  P7,  and  their  velocities  (Weickert  and 
Gallagher,  1992).  A  timed  sequence  (At  =  25  ps)  of  an  EFP,  P5,  going  into  a  target  (Tl)  is  shown  in 
Fig.  2.  The  final  (t=150ps)  frame  and  experimental  profile  are  shown  in  Fig.  7. 

The  full  sequence  of  penetrator  shapes  (PI-P7)  were  fired  against  mild  steel  targets  (Tl).  The  computed 
and  experimental  profiles  of  this  scries  are  shown  in  Figs.  3-9. 

For  the  RHA,  Al,  and  Cu  targets  (1’2,  T3,  T4),  only  pcnetrators  PI,  P3  ,P5,  and  P7  were  used.  The 
simulations  and  experiments  for  these  targets  are  shown  in  Figs.  10-13  (RHA),  Figs.  14-17  (Al),  and 
Figs.  18-21  (Cu). 

Reasonable  agreement  can  be  seen  between  the  predicted  and  experimental  penetrations,  especially 
considering  the  range  covered  by  the  series.  The  EFl*  profiles  were  characterized  by:  velocity,  projectile 
length,  solid  length  over  projectile  lengtli  ratio,  and  percent  solid  volume  (Table  III).  Plots  of  penetration 
depth  versus  each  of  these  parameters  are  shown  in  Figs.  22-25.  There  is  a  knee  in  most  of  the  plots 
indicating  minimal  penetration  perfonnance  enhancement  above  a  limit.  Although,  penetration  depth  is 
only  one  parameter,  and  closer  examination  of  the  post-impact  target  profiles,  reveals  changes  to  the  hole 
size,  shape  and  deformation  of  non-penetrated  plates  witli  each  shot. 

Table  II.  Model  material  properties. 


(MPa) 

^uls 

(MPa) 

p 

■  min 

(MPa) 

Amico  Iron  (EFP) 

400 

500 

0.20 

1230 

Mild  Steel  (Target  1) 

820 

820 

0.0001 

1230 

RHA  steel  (Target  2) 

900 

1100 

0.20 

3030 

7039  Al  (Target  3) 

400 

500 

0.20 

1000 

OFHC  Cu  (Target  4) 

450 

450 

0.20 

5000 

Table  III.  Projectile  characterization  data. 

Projectile 

Velocity 

Eengtlt 

Solid  Length/ 

%Solid  Volume 

(m/s) 

(mm) 

Length 

PI 

1666 

59.7 

0.29 

75.2 

P2 

1701 

60.7 

0.29 

68.3 

P3 

1731 

69.7 

0.36 

76.8 

P4 

1748 

67.3 

0.48 

86.5 

P5 

1822 

70.9 

0.67 

90.6 

P6 

1848 

65.3 

0.71 

91.3 

P7 

1862 

62.1 

0.86 

93.4 

si: 
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('ONC'IAISION 

1  he  shape  of  an  EI  P  significantly  effects  llie  depth  and  profile  of  the  penetration  into  a  target  materials. 
Each  EFP  profile  carried  a  specific  set  of  velocity,  length,  and  degree  of  solidness  (wrt  length  and 
volume),  and  as  such  no  single  parameter  could  be  singled  out. 

More  work  is  required  in  properly  characterizing  the  materials  to  bring  the  simulation  into  closer 
agreement  with  tlie  experunents.  the  ZeuS  code  allows  for  externally  defined  material  models,  which 
could,  in  time,  generate  an  improved  matching  to  the  experimental  results.  With  better  agreement 
established,  then  single  parameter  variation,  computational  studies  could  be  carried  out,  relatively 
inexpensively,  to  further  optimize  EFPs. 
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Computational  sequence  of  an  EAP  (P5)  entering  a  target  (TI), 
At  =  23  ps,  times  0  to  123  ps. 


Fig.  2 


Fig.  7  lYojectilc  (P5)  into  target  (Tl). 
simulation  @  150  ns  (top)  and  experiment. 


Fig.  8  I’rojectile  (P6)  into  target  (Tl). 
simulation  @  150  ps  (top)  and  experiment. 


Fig.  y  Projectile  (P7)  into  Uirget  (11). 
simulation  150  ps  (top)  and  experiment. 


I’ig.  10  Projectile  (PI)  into  Target  (T2). 
simulation  @  150  (js  (top)  and  experiment. 


Fig.  11  Projectile  (P3)  into  target  (T2), 
simulation  @  150  ps  (top)  and  experiment. 


Fig.  12  I’rojectile  (P5)  into  Target  (T2), 
simulation  150  ps  (top)  and  experiment. 


Fig.  13  Projectile  (P7)  into  target  (T2). 
simulation  ^  150  ps  (top)  and  experiment. 


iig.  14  l*rojectilc  (PI)  into  Target  (T3). 
simulation  O'’  150  |js  (top)  and  experiment. 


I'ig.  15  l^ojcctilc  (P.3)  into  target  (T3). 
simulation  150  its  (top)  and  experiment. 


I  ig  16  l*rojectile  (P5)  into  Target  (T  3), 
simulation  150  ps  (lop)  and  experiment. 


Iig.  17  I*rojectile  (P7)  into  target  (T3). 
simulation  (»'  150  p''  0‘^p)  imd  experiment. 


Pcneiration  o!  cxpU>si\cl>  torincd  projcculc 


l  ig.  IX  I’rojcctilc  (PI)  into  Target  (T4), 
simulation  («'’  l.'iO  (js  (lop)  and  experiment. 


I'ig.  19  I’rojectile  (P3)  into  target  {T4), 
simulation  O''  150  ps  (top)  and  experiment. 


Pig.  20  l*rojeti  ”  '  )  into  Tiu-get  (T4). 

simulation  ("'  15'/  ps  u;n)  and  experiment. 


Mg.  21  IVoieetile  (1*7)  into  target  (14), 
simulation  ("'  150  ps  (n>p)  and  experiment. 
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Fig.  22.  Penetration  vs  EFP  Velocity.  Fig.  23.  Penetration  vs  EFP  Lengtb. 
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Fig.  24.  Penetration  vs  Fig.  25.  Penetration  vs  EFP  %Solid, 

Solid  l.ength/EFP  Length. 
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ABSTRACT 

Models  of  craters  formed  by  impacts  at  velocities  of  up  to  24.5  kmysec  have  been  computed  using  the 
Smooth  Particle  Hydrodynamics,  MESA,  EPIC  and  CALE  codes.  These  modeling  efforts  are  compared 
to  data  obtained  from  the  Hypervelocity  Microparticle  Impact  project  at  Los  Alamos  using  the  van  de 
Graaff  accelerator.  A  factor  of  5  increase  in  yield  strength  was  needed  to  account  for  high  strain  rate  ef¬ 
fects  and  to  match  the  data.  Structure  in  the  data  is  addressed  by  using  crater  volume  instead  of  crater  di¬ 
ameter  cubed.  Detailed  code  comparisons  were  made  between  the  four  codes  with  good  agreement  found. 


INTRODUCTION 

The  Hypervelocity  Microparticle  Impact  (HMI)  project  (Keaton  et.  ai,  1990;  Stradling  el.  ai,  1990)  has 
obtained  impact  data  from  microscopic  iron  spheres  at  velocities  of  1  km/sec  to  100  km/sec  impacting  a 
variety  of  targets.  The  iron  sphere  projectiles  are  charged  and  accelerated  electrostatically  in  a  6  MV  Van 
de  Graaff  accelerator.  Each  impact  is  characterized  by  simultaneous  measurement  of  projectile  charge  and 
velocity  using  careful  cross-correlation  techniques.  A  scanning  electron  microscope  is  used  to  measure 
the  CTater  characteristics  with  tlie  crater  diameter  being  the  pertinent  piece  of  data  for  this  work.  For  the 
work  reported  here  ve  have  concentrated  on  the  copper  and  aluminum  targets. 

Figure  1  shows  a  plot  of  the  Cu  and  AI  data  for  the  velocity  range  of  about  5-30  km/sec.  The  quantity 
plotted  is  the  crater  diameter  cubed  divided  by  the  projectile  mass  and  is  plotted  versus  the  projectile  ve¬ 
locity.  This  particular  quantity  is  plotted  in  order  to  show  the  scaling  features.  In  addition  to  the  HMI  data 
there  are  a  few  macroscopic  impact  data  points  plotted.  There  are  two  interesting  features  to  this  data.  The 
first  is  that  the  HMI  microparticle  impact  crater  volume  divided  by  projectile  mass  in  the  range  of  5-10 
km/sec  is  about  a  factor  of  4  below  the  maaoscopic  impacts.  If  the  scaling  were  obeyed  by  the  miao- 
scopic  impacts  they  should  lie  on  top  of  the  macroscopic  data.  The  other  interesting  feature  of  the  HMI 
data  is  the  structure  in  the  data  in  the  range  of  10-30  krn/sec.  There  are  two  plateaus  in  the  data. 

Another  way  of  seeing  the  crater  volume  difference  between  die  macroscopic  and  microscopic  data  is 
with  the  Sorensen  data  correlation  shown  in  Fig.  2  (taken  from  Walsh  et.  ai,  1991).  This  figure  plots  the 
volume  ratio,  V  divided  by  Vq,  versus  the  scaling  quantity 


819 


C  A.  W1SC.AII  i7  ul. 


s:o 


where  p  is  tlie  target  density,  v  is  the  impact  velocity  and  s  is  the  shear  yield  strength  for  tlie  target  mate¬ 
rial.  The  data  plotted  are  all  copper-copper  impacts  of  various  sizes  and  include  one  HMl  data  point.  The 
line  is  a  data  correlation  due  to  Sorensen  (1965)  and  fits  the  macroscopic  data  quite  well.  The  formula  for 
the  correlation  is 

2  0.845 

V  pv 

-  =  0.12(ti-)  (2) 

Vo  s 

The  HMI  data  point  falls  well  below  the  macroscopic  data  points  and  the  correlation. 


Fig.  1 .  Plot  of  the  Cu  and  A1  data  for  the  velocity  range  of  about  5  -  30  km/sec. 

The  quantity  plotted  is  the  crater  diameter  cubed  divided  by  the  projec¬ 
tile  mass  and  is  plotted  versus  the  projectile  velocity.  In  addition  to  the 
HMI  data  there  are  a  few  macroscopic  impact  data  points  plotted.  The 
two  interesting  features  to  this  data  is  that  the  HMI  microparticle  im¬ 
pacts  in  the  range  of  5-10  km/sec  are  about  a  factor  of  4  below  the  mac¬ 
roscopic  impacts  contrary  to  scaling  and  that  there  is  plateau  structures 
in  the  data  in  the  range  of  10-30  km/sec. 

The  reason  for  this  scaling  failure,  put  forward  by  Walsh  et.  al.  (1991)  is  that  this  is  due  to  strain-rate  ef¬ 
fects  in  tlie  target  material  (copper  in  this  case).  They  argue  that  the  smaller  flows  in  the  HMI  data  imply 
much  higher  strain  rates  than  in  the  macroscopic  data  and  cause  a  higher  effective  flow  stress  which  leads 
to  a  smaller  crater.  Tlie  increase  in  tlie  flow  stress  required  to  match  the  HMI  data  can  be  found  by  in¬ 
creasing  s  in  tlie  Sorensen  correlation  until  it  matches  tlie  HMI  copper  data.  This  results  in  a  factor  of  4.7 
increase  in  shear  yield  strength  to  match  tlie  HMI  data. 

The  focus  of  the  work  reported  in  this  paper  is  to  understand  the  volume  difference  between  the  macro¬ 
scopic  data  and  the  HMI  data  from  a  computational  standpoint.  Some  initial  work  will  also  be  reported  on 
trying  to  understand  die  structure  in  die  HMI  data  in  die  higher  velocity  region. 
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Fig.  2.  Sorensen  data  correlation  showing  tlie  volume  difference  between  Uie 
maaoscopic  and  microscopic  data. 


DESCRIPTION  OF  CODES 

Ilic  four  hydro  codes  used  in  this  work  were  EPIC,  MESA,  SPH  and  CALE.  This  section  gives  a  feief  de¬ 
scription  of  each  code  and  references  to  more  detailed  reports. 

Smooth  Particle  Hydrodynamics  (SPH)  is  a  relatively  new  technique  for  hydrodynamic  calculations.  It  is 
a  gridless  l-agrangian  metliod  using  a  pseudo-particle  interpolation  metliod  to  compute  smooUi  hydrody¬ 
namic  variables.  Each  pseudo-particle  has  a  mass,  Ixigrangian  velocity,  and  internal  energy,  whereas  other 
quantities  are  derived  by  intcrptilation  or  from  constitutive  relations.  Tliis  technique  has  now  been  extend¬ 
ed  to  include  an  elastic-plastic  strengtli  model,  ;md  a  fragmentation  model  is  being  worked  tm.  llie  code 
lias  been  applied  to  a  variety  of  kinetic  energy  impact  problems  including  crater  formation  and  target  pen¬ 
etration  and  breakup.  ITie  current  version  of  the  code  uses  perfect  gas,  Gruncissen  and  SESAME  eos,  in¬ 
cludes  thermal  diffusion,  works  in  Id,  2d,  3d  cartesian  coordinates,  2d  cylindrically  symmetric  and  Id 
spherically  symmetric.  Besides  tlie  elastic-plastic  strength  model  the  code  also  has  tlie  Johnson-Cook  and 
Steinberg-Guinan  (being  tested)  sffength  models.  HE  bum  is  being  worked  on.  The  code  is  used  primarily 
on  Unix  workstations  and  Cray  machines  where  it  is  folly  vectorized.  There  are  also  versions  for  PC’s  and 
Meintoshes.  Details  of  SPH  are  given  by  Monaghan  (1982,  1985,  1988),  Benz  (1989),  Stellingwerf 
(1989,  1990),  Libersky  and  Petschek  (1990)  Wingate  and  Fisher  (1992)  and  Stellingwerf  and  Wingate 
(1992). 

EPIC  (Elastic  Plastic  Impact  Computations,  Sept.  90  version)  (Johnson,  1977,  1978)  is  a  multi-material, 
explicit,  Lagnuigian  hydrodynamics  code  used  primarily  for  analysis  of  ballistic  and  hypervelocity  im¬ 
pacts  and  jcl/fragmcnt  fomiations.  C'anesian,  cylindrical  and  spherical  geometry  are  available  in  ID, 
while  plane  stress,  plane  strain,  and  axisymmeffic  geometry  is  available  in  2D.  The  2D  version  employs 
triangular  elements  (standard  and  crossed),  quadrilateral  and  one-dimensional  elements.  Shell  elements 
and  the  variable  conductivity  (NABOR)  nodes  are  also  available.  Tlie  3D  version  uses  tetrahedral  ele¬ 
ments.  EPIC  utilizes  an  explicit  time  integration  coupled  with  a  lumped  mass  formulation.  Five  different 
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luatcriul  types  are  available  to  tlie  user;  solids,  expk)sives,  crusliable  solids,  liquids  and  brittle  solids.  An 
elastic-plastic  fonnulation,  the  Johnson-Cook  strength  model  (Johnson  and  Cook,  1983)  and  the  Zerilli- 
Annslrong  FCC  and  BCC  models  (Zerilli  and  Annstfong,  1987)  are  options  for  solids.  Also,  a  Mie-Gru- 
neissen  equation  of  state  (EOS)  and  a  cumulative  dtunage  failurc/fracture  model  (Johnson  and  Cook, 
1985)  can  be  employed.  Wlten  fracture  occurs,  the  solid  can  develop  hydrostatic  stresses  but  can  no  long¬ 
er  support  deviatoric  or  tensile  stresses.  Also,  erosion  or  total  failure  is  permitted  by  removing  the  ele¬ 
ment  volume  from  tlie  mesh  while  retaining  the  element  mass.  The  erosion  algorithm  allows  EPIC  to 
perform  penetration  calculations  without  mesh  distortion  problems.  Explosives  require  a  Jones-Wilkins- 
l.ee  (JWL)  or  gamma  law  EOS.  Tlie  explosive  reaction  is  simulated  with  the  programmed  bum  option. 
Response  of  brittle  solids  can  be  simulated  with  Uie  brittle  strength  and  fracture  model  (Johnson  and 
Holmquist  (1990).  A  master-slave  sliding  interface  logic  is  used  to  model  sliding  surfaces,  voids  and  fail¬ 
ure  via  erosion.  Finally,  tlie  code  can  acconmiodaie  a  variety  of  geomeuic  shapes  and  has  the  standard  hy¬ 
drocode  boundary  condition  options.  The  code  sponsor  for  EPIC  is  tlie  Air  Force  Armament  Laboratory 
(Al'AlT/MNW),  Elgin  Air  Force  Base  and  Honeywell  Inc.  was  the  major  developer. 

MESA  (Bolstad  and  Mandell,  1992;  Holian  et.  ai,  1991)  is  a  multi-material,  explicit  Eulerian  hydrocode 
used  primarily  for  armor/anti-armor  applications.  The  code  employs  a  second  order  accurate  finite  differ¬ 
ence  scheme  witli  a  staggered  grid  for  two  and  three  dimensional  problems.  Cartesian  and  cylindrical  ge¬ 
ometry  options  are  available.  An  “operator  splitting”  technique  (Youngs,  1982)  is  utilized  to  obtain  a  time 
dependent  solution  of  the  problem.  During  tlie  calculation,  each  cycle  consists  of  two  phases:  a 
Lagrangian  phase  (updates  material  densities,  velocities  and  internal  energies)  and  an  advection  phase 
(die  transport  of  mass,  internal  energy  and  momentum  is  performed).  Also,  a  Van  Leer  (Van  Leer,  1979) 
limiter  is  used  to  minimize  oscillations  associated  with  large  gradients.  Interface  positions  are  resolved  to 
determine  material  volume  fractions  widiin  a  cell  (Youngs,  date  unknown).  The  MESA  EOS  options  in¬ 
clude:  ideal  gas,  Mie-Gruneissen,  modified  Osborne,  JWL  and  SESAME  (Holian,  1984).  An  elastic-per- 
fecily  plastic,  modified  Steinberg-Cochran-Guinan  (Steinberg,  1980,  1991)  and  Johnson-Cook  strength 
models  are  available.  The  Johnson-Cook  damage  fracture  model  has  been  implemented.  A  standard  pro¬ 
grammed  bum  and  a  dynamic  bum  technique  arc  available.  MESA  can  accommodate  a  variety  of  geo¬ 
metric  shapes  and  has  standard  hydrocode  boundary  condition  options. 

CALE  (Tipton,  1991)  is  a  2D  ALE  (Arbitrary  Lagrangian  Eulerian)  hydrodynamics  computer  program 
written  in  the  "C”  programming  language.  The  “C”  language  was  chosen  to  give  both  portability  over  a 
wide  range  of  computers  and  high  flexibility  in  defining  complex  data  stmetures.  The  Hybrid  “C”  vector¬ 
izing  compiler  developed  at  LLNL  is  used  on  CRAY  computers  to  produce  highly  optimized  coding. 
CALE  has  been  ported  to  a  variety  of  machines  including  VAX,  MIPS,  STELLAR,  SUN  SPARC,  CON¬ 
VEX,  DEC  Work  Station,  SGI  Work  Station  and  IBM  RISC  6000.  Die  name  CALE  was  chosen  because 
it  was  referred  to  as  tlie  “C"  ALE  code.  CALE  is  capable  of  multi-material  Eulerian  flow  using  a  volume 
fraction  metJiod  to  keep  track  of  the  interfaces.  Ihc  strenglJi  models  in  CALE  include;  no  strength,  con¬ 
stant  shear  and  yield  moduli,  Steinberg-Guinan  model,  Cagnoux-Glenn  model  for  ceramic  material,  tabu¬ 
lated  yield  versus  pressure  and  constant  shear  and  yield  moduli  with  constant  melt  temperature  for  the 
temperature  mode.  CAI.E  has  a  slide  line  treatment,  can  do  axisymmetric  problems  in  addition  to  Carte¬ 
sian  problems  and  has  an  MHD  package. 


CODE  CALCULATIONS  FOR  THE  CU  MACROSCOPIC  PROBLEM 

IJie  purpose  of  tliesc  calculations  was  to  determine  the  variation  in  crater  volume  caused  by  a  5-fold  in¬ 
crease  in  yield  stress.  Should  the  volume  change  be  similar  to  dial  observed  between  the  HMI  and  macro¬ 
scopic  data  it  would  be  an  indication  that  die  strain  rate  effect  hypothesis  is  correct.  In  addition  to  this 
major  purpose  we  were  also  interested  in  doing  a  detailed  code  comparison  in  several  areas. 


There  were  many  possible  experiments  that  could  have  been  modeled  for  this  work  including  the  HMI 
data  itself.  The  problem  selected  for  comparing  the  codes  was  a  macroscopic  Cu  on  Cu  impact.  The  rea¬ 
son  for  selecting  a  macroscopic  experiment  was  that  there  are  more  detailed  data  for  die  experiment  in- 
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eluding  crater  depllt  and  volume  tliat  is  not  available  for  the  HMI  data.  The  Cu  target  was  selected  since 
we  are  focusing  on  the  Cu  and  A1  HMI  data.  Table  1  gives  the  details  of  the  Cu-Cu  impact  experiment  pa¬ 
rameters. 

The  procedure  was  simply  to  do  a  base  calculation  using  nominal  yield  stress  and  a  second  identical  cal¬ 
culation  with  the  yield  suess  increased  by  a  factor  of  5.  For  Cu  the  nominal  yield  stress  used  was  2.4  kbar 
and  the  increased  yield  stress  was  12.0  kbar.  The  setup  for  the  code  models  is  also  given  in  Table  1.  All 
four  codes  were  used  to  model  the  nominal  problem.  Tliree  of  the  codes  (EPIC,  MESA  and  SPH)  were 
also  used  to  model  the  increased  yield  stress  problem.  Even  though  the  codes  are  all  quite  different  we 
made  sure  that  they  all  ran  the  same  problem  as  outlined  in  Table  1  and  thus  have  a  very  good  benchmark 
on  how  the  codes  compare. 

The  initial  and  final  plots  of  the  crater  as  calculated  with  SPH  is  shown  in  Fig.  3.  Figure  4  shows  the  final 
crater  shape  for  the  EPIC  and  MESA  calculations  for  the  nominal  yield  case. 

Table  1 .  Macro  Hydrocode  Calculations  Input  Specifications 


CatesQiy 

Ouantitv 

Value 

Initial  Conditions 

Projectile  and  Target  Material 

Copper 

Impact  Velocity 

6.0  knVsec 

Projectile  Mass 

0.5  g 

Target  Dimensions 

4.0  cm  radius,  4.0  cm  thick 
for  low  strength  calculation 

Target  Dimensions 

3.0  cm  radius,  3.0  cm  thick 
for  high  strength  calculation 

EOS  Parameters 

Density 

8.93  g/cm^ 

Sound  Speed 

3.94  km/sec 

“s”  Parameter 

1.49 

Gamma 

1.96 

Strength  Parameters 

Type 

elastic  perfectly  plastic 

Yield  Strength 

2.4e-3  Mbar,  1.2e-2  Mbar 

Shear  Modulus 

4.6c- 1  Mbar 

Discretization 

Geometry 

axisymmeuic 

Cell  Size 

dr  =  dz  =  0.04  cm 

Boundary  Conditions 

Symmetry  Axis 

reflective 

Target  Surfaces 

free  surface 

The  results  for  the  crater  volume  is  given  in  Table  2.  The  nominal  yield  strength  calculations  compared 
well  with  the  experimental  data  for  crater  shape  and  dimensions.  Table  2  compares  several  scaling  param¬ 
eters  between  the  calculations  and  experiment.  The  high  yield  strength  calculation  showed  that  a  factor  of 
5  increase  resulted  in  factors  of  3.3  to  4.4  deaease  in  the  selected  scaling  parameters.  Reference  3  report¬ 
ed  that  an  increase  in  crater  diameter^/projectile  mass  ratio  by  a  factor  of  3.7  corresponds  to  an  enhance¬ 
ment  in  yield  strength  by  a  factor  of  4.7  when  contrasting  macro  and  micro  impact  experimental  data 
using  Sorensen’s  scaling  law**.  Thus  the  code  calculations  bracket  this  factor  of  3.7  and  provide  evidence 
for  the  strain  rate  hypothesis  described  in  reference  3.  Table  2  shows  that  the  MESA  and  EPIC 
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Cu-Cu  Impact.  Time  =  0  fj.s 


Cu— Cu  Impact,  Time  =  32 


Fig.  3.  Initial  and  final  plots  of  the  Cu-Cu  macroscopic  impact  expenment  as 
calculated  by  SPH. 


Fig.  4.  The  final  crater  shape  for  the  EPIC  and  MESA  calculations.  Both  plots 
are  for  the  nominal  yield  strength  case. 


calculated  crater  volume  decreased  by  factors  of  4.4  and  4. 1  when  the  yield  strength  was  increased  by  a 
factor  of  5.  SPH  predicted  a  factor  of  3.3  decrease. 
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Table  2.  Comparison  of  code  results  for  crater  volume.  The  two  calculations 
done  were  with  nominal  yield  stress  (2.4  kbar)  and  with  the  stress 
increased  by  5. 


Quantity  Experiment 

EPIC 

MESA 

SPH 

CAI.E 

Crater  Volume  (cm^)  4.82 

at  32  Its 

5.52 

6.17 

6.16 

5.16 

Crater  Volume  (cm^) 

at  16  |is  (Yield  Stress  times  5) 

1.35 

1.41 

1.89 

Ratio 

4.1 

4.4 

3.3 

Tlie  results  for  other  crater  quantities  are  given  in  Table  3.  An  average  plastic  strain  rate  and  strain  were 
calculated  and  are  provided  in  Table  3.  At  each  time  step  (cycle),  the  incremental  plastic  work  for  a  cell 
(DP  Wp  containing  target  material  was  used  to  weight  the  current  strain  and  strain  rate  in  that  cell.  At  the 
end  of  the  cycle,  instantaneous  average  strain  rate  and  strain  values  were  calculated  from  the  plastic  work 
weighted  strain  and  strain  rate  contributions  from  all  the  target  cells  divided  by  the  total  plastic  work  for 
die  target  material  V  DP  W  during  that  cycle.  For  each  time  step  n,  the  instantaneous  average  strain  rate 
is.  i 


<4)  =  , 


(3) 


where  i  denotes  the  target  cell  number.  The  average  or  characteristic  strain  rate  {e)  for  the  calculation 
was  determined  by  performing  the  following  summation  for  all  time  steps: 

Y^(DPW,)e, 

<e>  =  -  (4) 

n  I 

where  n  denotes  the  time  step.  The  instantaneous  plastic  strain  {e^)  and  the  average  or  characteristic 
plastic  strain  {e)  for  the  calculation  were  calculated  in  a  similar  manner: 

'^(DPWi)e, 

and  {e)  =  ”  ' 


<f„>  = 


J^OPW, 


YZdpw, 


(5) 


Die  crater  depth  and  volume  predicted  by  ail  codes  were  laiger  than  the  experimental  value  (Tables  2  and 
3).  The  MESA  and  SPH  crater  diameters  were  laiger  than  observed  while  EPIC  and  CALE  were  a  bit 
smaller.  Qualitatively  the  crater  shape  predicted  by  all  the  codes  was  similar  to  the  experimental  crater 
with  EPIC  having  a  small  notch  at  the  bottom  of  the  crater.  The  codes  predicted  and  the  experiment 
showed  that  the  impact  crater  was  deeper  than  what  a  hemispherical  crater  would  have  been. 


When  the  yield  stfengtli  was  increased  by  a  factor  of  5,  the  crater  was  found  to  be  smaller  in  diameter  and 
depth  and  had  a  reduced  volume.  Also,  the  flow  around  the  crater  bottom  had  been  fully  arrested  by  about 
16  |xs.  As  was  the  case  for  the  lower  yield  strengtJi  calculation,  the  crater  was  somewhat  hemispherical. 
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Table  3.  Comparison  of  code  results  for  various  crater  quantities.  (For  nomi¬ 
nal,  2.4  khar,  yield  strength) 


QuaiUity 

Crater  Depth(cm) 

Crater  Diameter(cm) 

Depth  /  Diameter 

Characteristic  Strain 

Characteristic  Strain  Rate 
(sec’*) 


An  important  point  to  make  here  is  that  these  calculations  used  the  simple  elastic  perfectly  plastic  strength 
model  (except  for  CALE  which  used  the  Steinberg-Guinan  model).  By  going  to  a  better  strength  model, 
like  Johnson-Cook  or  Steinberg-Guinan,  it  is  expected  that  better  agreement  with  the  data  would  result. 

In  Fig.  5  a  comparison  of  the  crater  diameter  and  depth  between  the  MESA,  EPIC  and  SPH  calculations 
for  the  nominal  yield  stress  is  made.  The  agreement  between  the  three  codes  is  quite  good. 

Comparisons  of  tlie  run  time  quantities  are  shown  in  Table  4.  These  comparisons  were  made  for  the  nom¬ 
inal  strength  problem  run  to  32  ps.  The  problem  generation  time  is  not  included  in  the  run  times. 


goom 

EPIC 

MESA 

SPH 

CAFE 

1.4 

1.8 

1.59 

1.73 

1.51 

2.54 

2.4 

2.8 

2.6 

2.44 

0.55 

0.75 

0.57 

0.67 

0.62 

0.3 

0.37 

7.5x1  O'* 

5.5x10'* 

0  to  20  30  40 

Time  (/xs) 

Fig.  5.  Comparison  of  the  crater  diameter  and  depth  between  the  MESA,  EPIC 
and  SPH  calculations  for  the  nominal  yield  shess  is  made.  The  agree¬ 
ment  between  the  three  codes  is  quite  good. 
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Table  4.  Comparison  of  run  quantities  for  three  code  (all  run  on  a  Cray 
YMP). 


Quantity 

EEIC 

MESA 

SPH 

Number  of  cycles 

1806 

308 

201 

Problem  size 

11350 

14280 

6595 

elements,  cells  or  particles) 

Run  time  (min) 

6.49 

7.53 

4.4 

(not  including  setup  time) 

Grind  time  (sec/cycle/node) 

O.lOxlO'* 

1.03x10'* 

2.0x10 

CALCULATIONS  OF  THE  HMI  DATA 

SPH  and  MESA  calculations  were  made  of  the  HMI  Aluminum  single  crystal  data  points  in  the  range  of 
6.5  to  24.5  km/sec.  The  data  is  shown  in  Fig.  1  as  the  open  circles.  Each  SPH  calculation  used  about  15(X) 
points,  was  axisymmetric  and  took  about  3-4  hours  to  run  on  a  SUN  SPARCstation  2.  The  only  quantities 
varied  between  the  calculations  was  the  projectile  mass  and  velocity  both  of  which  were  obtained  from 
Uie  HMI  data.  Table  5  gives  the  input  velocities,  input  masses,  calculated  crater  diameters  d,  and  the 
quantity  I  mass. 


Table  5.  Input  and  results  for  the  SPH  and  MESA  HMI  calculations 


Velocity 

Mass  (fe) 

Diameter  d  (u) 

d^/m  (cm-/e) 

km/scc 

sm 

MESA 

SPH 

MESA 

6.5 

2359 

3.6 

3.8 

19.8 

24 

11.0 

2950 

5.6 

59.5 

12.5 

1017 

4.4 

83.8 

14.5 

557 

3.7 

3.7 

90.9 

91 

16.5 

244.8 

3.3 

3.0 

146.8 

no 

18.5 

276 

3.7 

3.2 

183.5 

124 

20.5 

92.2 

3.1 

323.1 

22.5 

99.9 

3.2 

328.0 

24.5 

79.7 

3.2 

411.1 

These  results  are  shown  in  Fig.  6  where  the  crater  diameter^/projectile  mass  is  plotted  versus  the  projec¬ 
tile  velocity.  Also  shown  on  this  plot  is  the  Aluminum  single  crystal  HMI  data.  The  SPH  results  are  about 
2  to  8  times  greater  tlian  tlie  data  and  show  a  structure  similar  to  that  seen  in  the  data.  The  SPH  and  MESA 
results  agree  well  at  low  velocity  but  begin  to  disagree  at  intermediate  velocities. 

To  explain  tlie  structure  in  the  calculations,  the  SPH  runs  were  redone  using  a  constant  projectile  mass  in 
order  to  eliminate  any  mass  effects.  The  mass  chosen  was  244.8  fg  from  the  16.5  km/sec  data  point.  This 
gave  similar  structure  as  before  as  seen  in  Fig.  6.  It  was  noticed,  however,  that  points  forming  the  plateaus 
having  llie  same  crater  diameters  had  different  crater  volumes  because  of  different  crater  shapes.  Wlien 
the  crater  volumes  are  plotted.  Fig.  7,  much  of  the  structure  disappears.  Thus  it  may  be  that  the  plateaus  in 
the  HMI  data  would  smooth  out  if  the  crater  volumes  (which  have  not  been  extracted  from  the  data  yet) 
could  be  determined  and  plotted  instead  of  the  diameter  cubed.  A  possible  explanation  for  the  clianges  in 
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crater  shape  is  llie  melt  and  vaporization  phase  changes.  This  is  supported  by  die  fact  diat  SPH  includes 
phase  cluuige  effects  whereas  MP'SA  and  EPIC  (wliere  the  plateaus  are  not  seen)  do  not  include  phase 
change  effects. 


Velocity  (km/sec)  Velocity  (km/sec) 


Fig.  6.  SPH,  EPIC  and  MESA  calculations  of  the  HMI  Aluminum  single  crys¬ 
tal  data  plotting  crater  diameter’/projectile  mass  versus  the  projectile 
velocity  along  with  the  HMI  data.  The  SPH  results  are  about  2  to  8 
times  greater  dian  the  data  and  show  a  structure  similar  to  that  seen  in 
the  data.  The  SPH  and  MESA  results  agree  well  at  low  velocity  but  be¬ 
gin  to  disagree  at  intermediate  velocities.  Also  plotted  are  SPH  calcula¬ 
tions  which  use  a  constant  projectile  mass.  This  curve  shows  the  same 
plateau  structure  as  iti  the  other  SPH  calculations.  SPH  and  EPIC  calcu¬ 
lations  using  a  factor  of  5  increase  in  yield  strength  are  shown  and  agree 
much  better  with  the  data. 

The  fact  that  die  SPH  calculations  arc  higher  titan  the  data  is  explained  by  the  strain  rate  theory,  Walsh,  et. 
al.  (1991),  described  in  die  introduedon.  These  microparticle  calculations  are  in  a  very  high  strain  rate  re¬ 
gime  (10^  /s)  and  die  yield  strengdi,  which  was  calibrated  in  a  much  lower  strain  rate  region,  is  loo  low. 
Increasing  the  yield  strength  by  a  factor  of  4.7  should  bring  the  calculadon  in  agreement.  This  has  been 
done  for  some  SPH  and  EPIC  calculadons  where  div";  yield  svength  was  increased  by  a  factor  of  5.  These 
high  yield  strength  calculated  points  are  plotted  in  Fig.  6  and  are  much  closer  to  the  data.  SPH  calcula¬ 
dons  using  the  standard  Johnson-Cook  and  Steinberg-Guinan  models  have  also  been  done  for  the  24.5 
km/s  case.  The  results  show  much  larger  crater  diameters  Uian  the  elastic  plasdc  nominal  yield  strength 
case  and  thus  further  from  die  data. 


CONCLUSIONS 

A  Cu-Cu  macrijf^;opic  impact  problem  was  calculated  widi  EPIC,  MESA,  SPH  and  CALE  to  invesdgate 
the  effect  of  a  change  in  the  yield  strength.  Svain-rate  theory  suggests  that  a  change  of  4.7  in  the  yield 
stfcngih  should  yield  a  change  in  volume  of  about  3.7.  The  codes  used  a  yield  strength  factor  of  5.0  and 
yielded  volume  changes  between  3.3  and  4.4,  in  agreement  widi  die  strain-rate  theory. 


Code  comparisons  have  been  made  between  EPIC,  MESA,  SPH  and  CALE  for  the  Cu-Cu  macroscopic 
problem.  Good  agreement  was  found  between  die  codes. 
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SPH,  EPIC  and  MESA  calculations  were  made  of  Uie  HMl  Aluminum  single  cTyslal  data  points  in  the 
range  of  6.5  to  24.5  km/sec.  ITie  SPH  results  are  about  2  to  8  times  greater  than  the  data  and  show  a  struc¬ 
ture  similar  to  that  seen  in  Uie  data.  Hiis  structure  seems  to  be  due  to  plotting  diameter  cubed  instead  of 
volume  and  may  be  tlte  reason  for  tlie  structure  in  the  HMI  data.  This  must  wait  for  verification  until  the 
cTater  volumes  are  extracted  from  tlie  ditta.  Tlie  SPH  and  MESA  results  agree  well  at  low  velocity  but  be¬ 
gin  to  disagree  at  intermediate  velocities.  The  strain  rate  theory  was  corroborated  with  the  high  yield  SPH 
lUid  EPIC  calculated  points  falling  much  clo.scr  to  the  data. 


to  20  30 

Velocity  (km/sec) 

Fig.  7.  Plot  of  crater  volume  instead  of  cTater  diameter  cubed.  Much  of  die 
structure  has  disappeared. 
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ABSTRACT 

This  paper  describes  experiments  and  the  development  of  a  model  to  predict  damage  to  metallic  plates  impacted  by 
high  velocity,  multi-particle  debris  clouds  The  experiments  involved  single  steel  spheres  fired  at  a  steel  shatter 
plate  at  speeds  near  15  and  2  0  km/ sec  to  generate  the  debris  clouds  In  each  series  of  tests,  the  impact  velocity 
was  controlled,  and  a  witness  plate  was  placed  at  increasing  distances  behind  the  shatter  plate  to  observe  the  effects 
of  debris  particle  dispersion  on  plate  damage  This  paper  focuses  on  the  variations,  with  plate  spacing,  in  the  size 
of  the  central  region  removed  from  the  witness  plates  The  central  hole  size  model  compares  the  post  impact 
kinetic  energy  distribution  in  a  witness  plate  impacted  by  a  debris  cloud  to  the  free  impact  residual  kinetic  energy  in 
an  equivalent  plate  impacted  by  an  L/D=l  steel  cylinder,  at  the  ballistic  limit  velocity  This  approach  permits 
extension  of  the  model  to  other  plate  materials  through  utilization  of  existing  ballistic  limit  velocity  data 


INTRODUCTION 

Modern  air-to-air  combat  involves  warhead  fragment  impact  velocities  well  above  the  threshold  velocity  for 
shattering  both  the  fragment  and  the  plate  material  in  its  path  As  a  result,  incident  warhead  fragments  are 
transformed  into  expanding  clouds  of  high  velocity  fragment  and  plate  particles  after  perforating  the  outer  skin  of 
an  air  target  Weapons  effectiveness  estimates  require  fast  running,  engineering  type  models  to  predict  damage  to 
interior  target  structures  and  vital  components  impacted  by  these  high  velocity  debris  clouds  Of  particular 
importance  are  predictions  of  the  material  removed  from  target  elements 

The  photographs  in  Fig  1  illustrate  the  debris  cloud  behind  the  first  plate  and  the  damage  to  the  second  plate  for  a 
typical  high  velocity  fragment  penetration  event  Witness  plate  damage  usually  includes  a  circular  or  elliptical 
pattern  of  individual  craters  and/or  holes  with  an  areal  density  that  decreases  with  increasing  radius  from  the  center 
of  the  pattern  There  is  generally  an  enlarged  central  hole  where  the  plate  material  is  completely  removed  as  shown 
in  Fig  1  Hypervelocity  impact  debris  clouds  can  also  cause  material  to  be  spalled  from  the  rear  surface  of  the 
plate  Finally,  the  plate  will  be  plastically  deformed  (dished)  to  an  extent  dependent  on  the  magnitude  and 
distribution  of  the  impulse  transmitted  to  the  plate  by  the  impacting  particles  and  by  the  stiffness  of  the  plate 

This  paper  describes  the  development  of  a  model  to  predict  the  kind  of  high  velocity  debris  cloud  perforation 
damage  shown  in  Fig  1  Specifically,  experiments  and  a  model  are  described  to  determine  the  size  of  the  enlarged 
central  hole  as  a  function  of  the  debris  cloud  characteristics,  and  witness  plate  material,  thickness,  and  spacing  from 
the  shatter  plate 


EXPERIMENTS 

Because  of  debris  particle  radial  dispersion,  the  impulsive  loading  distribution  on  a  witness  plate,  for  a  fixed  set  of 
debris  cloud  characteristics,  will  vary  with  the  spacing  from  the  shatter  plate  For  plate  spacings  approaching  zero, 
the  panicle  impacts  will  overlap  and  the  debris  cloud  will  penetrate  or  crater  the  witness  plate  like  a  single  intact 
fragment  For  large  spacings,  the  particle  impacts  will  be  far  apart,  the  particles  will  perforate  individually,  and  a 
blast  like  dishing  response  will  be  observed  in  the  perforated  and/or  cratered  witness  plate  The  size  of  the  witness 
plate  central  hole  will  therefore  first  increase  and  then  decrease  with  increased  spacing  behind  the  shatter  plate 


Fig  I  High  N’clocity  Debris  Cloud  Radiograph  and  Witness  Plate  Damage 
(Steel  Sphere  vs  Steel  Plates,  V  =  2  km/sec) 

The  test  arrangement  is  shown  schematically  in  Fig  2  A  6  9  gram  hardened  steel  ball  bearing  was  fired  at  a  mild 
steel  shatter  plate  to  generate  the  debris  clouds  A  witness  plate  was  positioned  normal  to  the  shotline  at  a 
distance,  S,  behind  the  shatter  plate  A  single  series  of  6- 12  tests  entailed  holding  the  impact  velocity,  witness  plate 
material  and  thickness  constant,  and  varying  the  plate  spacing,  S  Measurements  of  the  resulting  central  hole 
diameter,  D|,.  were  thereby  obtained  as  a  function  of  plate  spacing  S  For  the  larger  plate  spacings.  a  hardened 
steel  stripper  plate  was  placed  behind  the  shatter  plate  to  prevent  the  outer  portion  of  the  debris  cloud  from  striking 
.\-ra\-  heads  near  the  witne.ss  plate  The  stripper  plate  was  positioned  so  that  the  impact  pattern  diameter  on  the 
witness  plate  was  always  much  larger  than  the  central  hole  diameter  and  outside  region  of  plastic  plate  response 
fhe  test  conditions  and  central  hole  diameter  measurements  are  summarized  in  Table  I  Figure  3  contains  plate 
photographs  confirming  the  expected  etfecis  of  increased  plate  spacing  on  debris  dispersion  and  the  resulting 
decrea.se  in  the  size  of  the  central  hole  The  stripper  plate  was  in  use  for  these  tests  and  therefore  the  pattern 
diameters  are  nearly  the  same  for  the  two  spacings  Note  that  the  particles  perforated  the  relatively  thin  plate 
individually  The  radiographs  in  Fig  4  reveal  typical  dynamic  response  of  a  plate  impacted  (from  top  to  bottom)  by 
a  high  velocity  debris  cloud  The  radiograph  on  the  left  was  taken  during  the  penetration  by  a  debris  cloud  like  the 
one  shown  in  Fig  I  The  radiograph  on  the  right  was  taken  after  the  test  and  show's  that  the  larger  plate  petals 
ultimately  were  .separated  from  the  plate  by  a  bending  failure 

•Additional  experiments  with  multiple  flash  radiographs  and  debris  particle  collection  in  micro-crystalline  wax  were 
conducted  to  determine  the  numbers  and  .sizes  of  debris  particles,  the  dispersion  angles  for  the  sphere  and  plate 
particles,  and  the  shape  of  the  debris  clouds  The  cylindrical  container  of  wax  was  positioned  directly  behind  the 
shatter  plate  fhe  debris  particles  were  separated  from  the  wax  by  first  melting  and  pouring  oft' the  wax  and  then 
washing  the  particles  in  a  solvent  The  wax  collection  technique  netted  80-90'’o  recovery  of  the  total  possible 
weight  (sphere  •  weight  of  material  removed  from  the  plate)  including  practically  uncountable  dustlike  particles 
I  he  missing  mass  is  presumed  t(>  have  been  lost  on  the  front  side  of  the  shatter  plate  Figure  .S  contains  a  sample  of 
the  debris  cloud  radiographs  and  the  wax  debris  recoverv  results  for  the  two  test  velocities  The  radiographs  in 
Fig  5  provide  additional  examples  of  ellipsoidal  debris  clouds  and  confirm  the  relative  dispersions  for  the  sphere 
and  plate  particles 
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Table  1  Witness  Plate  Central  Hole  Diameters  for  1 1  9  mm  Steel  Spheres  Impacting 
2  -4  mm  Mild  Steel  Shatter  Plates  Located  a  Distance,  S,  in  Front  of  the 
Witness  Plates 


Witness  Plate 
Tliiekitess 

Spacing 

S 

liiipaet 

Vcloeity 

Central  Hole 
Diam  Dj, 

Maierial 

UlOllJ 

(m/s) 

(nini) 

0  .S] 
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24  11 

1)  K) 
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7(1  2 
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10  4X 

0  81 
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I5K4 

27  04 
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1121 
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Fig  3  EfIect  of  Plate  Spacing  on  0  8 1  mm  St  Witness  Plate  Damage 
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Fig  4  Radiographs  of  3  2  mm  Al  Plate  Impacted  by  Debris  Cloud  (V  2  8  km/sec) 
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Fig  5  Debris  Cloud  Characteristics  at  Two  Impact  Velocities 


MODEL  DEVELOPMENT 

The  models  presented  below  for  the  central  hole  size  in  witness  plates  were  developed  for  inclusion  in  the 
FATEPEN  computer  code  The  FATEPEN  computer  code  has  been  developed  for  the  Naval  Surface  Warfare 
Center.  Dahlgren  Laboratory  as  a  fast  running,  engineering  type  analytical/empirical  penetration  model  for  use  in 
air  target  vulnerability  assessments  FATEPEN  was  originally  developed  for  application  to  high  velocity  (up  to  5 
km/s)  fragment  penetration  of  thin  aluminum  plates  by  compact  steel  fragments  (Yatteau,  1982)  Several 
additional  experimental  and  analytical  efforts  have  been  conducted  since  its  original  release  to  extend  the  range  of 
model  applications  to  impact  speeds  below  the  fracture  threshold,  to  additional  fragment  and  target  materials,  and 
to  a  variety  of  fragment  shapes  (Yatteau  cl  al .  1991a,  b)  The  original  version  of  the  model  calculated  the  size  of 
the  central  hole  based  on  the  accumulated  area  removal  by  individual  perforating  debris  particles.  The  current 
version  of  FATEPEN  includes  a  new  central  hole  model  based  on  impulsive  loading  and  response  of  the  plate 
Both  models  are  presented  below  following  an  overview  of  the  FATEPEN  debris  cloud  specifications  which  are 
the  essential  input  for  the  plate  damage  models  Predictions  from  the  two  models  are  then  compared  with  the  test 
results 


/  k'hris  ( 'loud  Ik’scnplion 

Ik'hns  Pat  tick  Numbers  and  Sizes  The  numbers  of  fragment  and  target  particles  can  be  very  large,  and  the  sizes 
of  debris  particles  can  range  continuously  over  several  orders  of  magnitude  relative  to  the  mean  particle  size 
(Yatteau  et «/,  1991a)  To  avoid  making  individual  computations  for  each  and  every  debris  panicle,  it  is  necessary 
to  select  a  subset  of  particle  sizes  when  describing  the  debris  cloud  The  current  FATEPEN  debris  cloud  model  is 
shown  in  Fig  6  Three  penetrator  particle  sizes  are  used  along  with  a  single  average  size  for  the  target  particles 
The  size  of  the  primary,  or  largest,  fragment  particle,  Mp,  and  the  total  number  of  secondary  particles  are 
determined  by  empirical  functions  of  the  encounter  conditions  at  the  shatter  plate  The  representative  numbers  and 
sizes  of  larger  and  smaller  secondary  fragment  particles,  Nq,  Mf2,  Np,  and  Mp^,  respectively,  are  then  computed 
from  the  total  number  of  particles  using  experimentally  determined  .size  distribution  functions  for  steel  cubes  The 
larger  particles  rcpre.sent  the  mean  size  and  total  mass  of  all  particles  above  the  mean  particle  size  of  the  entire 
population,  and  the  smaller  panicles  represent  the  mean  size  and  total  mass  of  all  panicles  below  the  population 
mean  The  number,  N,.  and  average  size,  M,.  of  the  target  particles  arc  determined  from  the  total  mass  of  plate 
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Fig  6  FATEPEN  Debris  Cloud  Model 


material  driven  out  the  rear  of  the  plate  and  an  empirically  determined  function  of  the  encounter  conditions  for  the 
number  of  plate  particles  The  current  wax  collection  debris  data  for  the  steel  spheres  were  used  to  determine 
appropriate  modifications  to  the  total  particle  number  and  size  distribution  functions  for  steel  cubes.  The  predicted 
numbers  and  sizes  of  debris  particles  used  to  obtain  model  predictions  of  plate  damage  are  listed  in  each  of  the 
comparison  graphs  presented  below 


Dehns  Panicle  I’elociiy  Distribution  Based  on  observations  of  debris  cloud  radiographs  for  steel  fragments 
impacting  steel  plates  at  speeds  up  to  3000  m/s,  the  debris  panicles  are  presumed  to  reside  on  the  surface  of  an 
expanding,  hollow,  ellipsoid  of  revolution  with  a  major-to-minor  axis  ratio  of  1  5  (Rolens  et  ai,  1976),  For  normal 
shatter  plates,  the  axis  of  the  debris  ellipsoid  will  be  aligned  with  the  shotline  Assuming  that  all  debris  particles 
emanate  from  a  point  on  the  axis  at  the  upstream  end  of  the  ellipsoid,  the  distribution  of  particle  velocities  can  be 
closely  approximated  by  the  following  simple  function 

V,,((P)=  V|  Cos(qcp)  (1) 

where  V^(ip)  is  the  component  of  the  particle  velocity  parallel  to  the  shotline,  ip  is  the  trajectory  inclination  angle 
relative  to  the  shotline,  V  |  is  the  debris  cloud  leading  edge  velocity,  and  q  is  a  constant  depending  on  the  shape  of 
the  ellipsoid  The  leading  edge  velocity  is  determined  using  single  particle  penetration  equations  contained  in 
FATEPEN  A  value  of  q  given  by 

q=192  (2) 

has  been  found  to  provide  agreement  with  the  exact  velocity  distribution  for  the  1  5  ratio  ellipsoid  to  within  1%  for 
trajectory  inclination  angles  up  to  25°  The  function  defined  by  Eqs  I  and  2  was  selected  in  part  because  its 
suitability  to  describing  velocity  distributions  behind  subsequent  plates 


Debris  Particle  Trajectory  Distribution  Experiments  involving  steel  cubes  perforating  steel  plates  with  collection 
of  debris  particles  in  Celotex  have  shown  that  the  number  of  debris  particle  trajectory  intersections  on  planes 
normal  to  the  debris  cloud  axis  within  a  radius  r  of  the  debris  cloud  axis  increases  nearly  linearly  with  increasing  r 
out  to  the  edge  of  the  pattern  (Recht  ei  al .  1969)  In  other  words, 

N(r)  =  (r/tn,)  N,„  (3) 

where  N(r)  is  the  number  of  particle  trajectories  impacting  a  plate  normal  to  the  debris  cloud  axis  within  a  radius,  r, 
about  the  center  of  the  impact  pattern,  r^,  is  the  maximum  pattern  radius,  and  Np,  is  the  total  number  of  debris 
particles  striking  the  plate  The  maximum  pattern  radii  for  penetrator  and  plate  particles  are  determined  by  their 
respective  maximum  trajectory  inclination  angles,  tpf  and  (p,  and  the  plate  spacing  as  illustrated  in  Fig  6  The 
sphere  debris  cloud  radiographs  such  as  shown  in  Fig  5  were  used  to  determine  the  following  maximum  trajectory 
inclination  angles  for  the  sphere  generated  debris  clouds 

(Pf  ^  10°  and  (p,  =  20° 


(4) 


J  I> 


Ym  ii  \i  and  D-  L.  Dh  kinson 


The  trajector>'  distribution  given  by  Eq  3  is  presumed  to  apply  to  the  current  debris  clouds.  It  follows  that  the 
number  of  debris  particles,  dN,  intercepted  by  ring  elements  of  width,  dr,  about  the  center  of  the  pattern  is  a 
constant  given  by 

dN  =  (N,„/r,„)  dr  (5) 

It  also  follows  from  Eq  3  that  the  areal  density  of  trajectory  interceptions  varies  inversely  with  the  radius.  The 
impact  patterns  illustrated  in  Figs  3  and  10  were  created  using  the  trajectory  distribution  function  given  by  Eqs  3 
and  5  and  can  be  seen  to  provide  a  reasonably  good  representation  of  the  crater  and  hole  patterns  in  the  plates  of 
Figs  1,  3  and  5 


l‘liiie  Damage  Models 

Area  Removal  Model  Plate  damage  characteristics  predicted  by  the  FATEPEN  code  are  illustrated  in  Fig.  7  The 
pattern  diameters,  D,„f  and  D„„  for  the  two  sets  of  debris  particles  are  determined  by  the  dispersion  angles  and  the 
plate  spacing  The  sizes  of  individual  holes  are  predicted  as  a  function  of  debris  particle  density,  size,  and  impact 
velocity  and  plate  material  and  thickness  Hole  size  is  predicted  to  increase  above  the  diameter  of  the  fragment 
with  increasing  impact  speed  and  with  increasing  plate  thickness  This  model  incorporates  empirical  relationships 
for  hypervelocity  impact  crater  sizes  in  semi-infinite  plates  (Yatteau,  1982)  Prior  to  inclusion  of  the  impulse 
model,  the  determination  of  the  diameter,  D|,,  of  the  enlarged  central  hole  was  based  strictly  on  area  removal 
geometry  That  is,  if  the  sum  of  the  areas  of  the  holes  produced  in  a  ring  increment  about  the  center  of  the  pattern 
exceeds  the  area  of  the  ring,  then  that  ring  is  deemed  to  be  removed  The  FATEPEN  trajectory  distribution 
function  (Eq  3)  and  the  area  removal  model  are  illustrated  in  Fig  8  Each  of  the  ring  increments  in  Fig  8 
(including  the  central  circle)  contain  the  same  number  of  impacts.  It  can  be  shown  that  for  ring  elements  impacted 
by  all  three  secondary  particle  sizes,  the  central  hole  diameter  based  on  area  removal  is  given  by 

Dh  =  0  5  [(Nn  +  Nn  D,n2)/D„f  +  N,  D„2/D„„]  (6) 

where  D,q,  D,p,  and  D„  are  the  individual  particle  hole  sizes  calculated  using  the  average  impact  velocity  for  the 
perforating  particles  of  each  kind 

The  area  removal  model  does  not  take  into  account  material  removal  between  holes  due  to  the  effects  of  the 
impulse  transmitted  to  the  plates  by  individual  perforating  and  nonperforating  panicles.  Observed  impulsive 
loading  effects  include  the  blow-out  of  material  between  holes,  the  shearing  out  of  large  plate  plugs  in  moderately 
thick  plates  by  nonperforating  particles,  and  membrane  type  tensile  failures  in  thin  perforated  and  nonperforated 
plates  The  area  removal  is  therefore  conservative  with  respect  to  fragment  lethality  and  generally  underpredicts 
the  diameter  of  the  central  hole 
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Fig  8.  Illustration  of  FATEPEN  Debris  Cloud  Trajectory  Distribution  and  Area 
Removal  Model  for  Central  Hole  Size 


Impulsive  Loading  and  Response  Mode!  The  new  impulsive  loading  and  response  model  is  an  attempt  to  improve 
upon  the  impulse-punch  model  developed  by  Recht  (Rolens,  el  al ,  1976)  The  Recht  model  examines  the  velocity 
and  areal  density  of  particles  impacting  the  plate  within  some  radial  ring  increment  located  a  distance,  r,  from  the 
center  of  the  pattern  An  equivalent  cylinder  of  radius,  r,  is  defined  as  having  the  same  areal  density  as  the  particles 
impacting  the  ring  increment  in  question  If  the  velocity  of  the  debris  particles  at  r  exceeds  the  ballistic  limit 
velocity  for  the  equivalent  cylinder  and  plate  in  question,  then  that  ring  increment  is  deemed  to  be  removed  from 
the  plate.  The  Recht  model  was  applied  to  current  test  conditions  and  found  to  greatly  over-predict  the  capacity 
for  the  debris  particles  to  enlarge  the  central  hole  The  probable  reason  for  this  is  that,  by  comparing  the  debris 
particle  velocity  to  the  ballistic  limit  velocity  of  the  equivalent  cylinder,  the  model  implicitly  assumes  that  all  of  the 
debris  particles  incident  momentum  is  available  to  remove  material  from  the  plate  Since  perforating  particles 
transmit  only  a  fraction  of  their  impulse  to  the  plate,  the  Recht  model  can  be  expected  to  overpredict  central  hole 
size  in  plates  which  are  perforated  by  individual  debris  particles 

The  new  model  retains  the  Recht  concept  of  using  available  ballistic  limit  velocity  data  to  supply  the  required 
failure  criterion  for  an  impulsively  loaded  plate  Prediction  of  the  required  response  and  failure  characteristics  from 
first  principles  would  otherwise  be  extremely  difficult  and  complex  The  new  model  focuses  on  the  post-impact 
kinetic  energy  imparted  to  the  remaining  plate  material  by  both  perforating  and  nonperforating  debris  particles  and 
compares  it  with  the  post-impact  kinetic  energy  of  the  penetrator  and  plate  plug  for  the  equivalent  cylinder  impact 
at  the  ballistic  limit  velocity  In  this  way,  only  the  impulse  actually  delivered  to  the  plate  by  perforating  particles  is 
accounted  for  The  equivalent  cylinder  impact  definition  in  the  new  model  involves  only  steel  cylinders  with  a 
slenderness  ratio,  L/D,  of  unity  This  modification  was  introduced  to  enable  direct  use  of  steel  Fragment 
Simulating  Projectile  (FSP)  data  for  a  variety  of  plate  materials  and  to  avoid  the  need  to  extrapolate  this  data  to 
wafer-like  cylinders  which  otherwise  results  when  the  debris  particle  areal  density  is  used  to  define  the  equivalent 
cylinder  Finally,  the  new  model  attempts  to  account  for  the  effects  of  the  holes  in  a  perforated  plate  on  its 
subsequent  response  and  failure 

The  impulsive  loading  and  response  model  is  illustrated  in  Fig  9  The  model  is  based  on  the  idealization  that  the 
impacting  debris  particles  load  the  plate  impulsively  That  is,  perforating  and  nonperforating  particles 
instantaneously  impart  a  velocity  distribution  in  the  plate  across  the  impact  pattern  before  significant  plate 
deformation  occurs  A  typical  initial  post-impact  velocity  distribution  across  a  plate  is  shown  in  the  upper  right  of 
Fig  9  The  material  near  the  center  of  the  impact  pattern  will  generally  achieve  a  higher  velocity  than  material  near 
the  edge  of  the  pattern  The  break  in  the  velocity  distribution  in  Fig  9  coincides  with  the  edge  of  the  tighter  beam 
of  penetrator  particles  defined  by  tpf 

If  the  initial  radial  velocity  gradient  normal  to  the  plate  near  the  center  of  the  plate  is  too  large  to  be  accommodated 
by  shear  strain  behind  the  radially  propagating  plastic  shear  wave,  a  shear  failure  will  occur  early,  and  material  at 
the  center  of  the  impact  pattern  will  be  punched  from  the  plate  This  type  of  failure  can  be  observed  in  closely 
spaced  plates  before  significant  dispersion  of  the  debris  cloud  occurs  and  in  thicker  plates  which  experience  larger 
impulsive  loading  by  nonperforating  particles  If  the  initial  post-impact  velocity  gradient  is  not  too  large,  the  plate 
will  initially  deform  in  shear,  but  failure  can  still  occur  later  under  combined  shear,  membrane,  and  bending  stresses 
This  type  of  failure  usually  is  seen  in  thinner  plates  impacted  by  well-dispersed  debris  particles  Petalling  of  the 
plate  commonly  accompanies  later  time  response  failures 
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Fig  9  FATEPEN  Impulsive  Loading  Model  for  Central  Hole  Size 

No  attempt  is  made  to  analytically  model  these  plate  response  and  failure  mechanisms  Instead,  we  compare  the 
post-impact  kinetic  energy  distribution  in  the  perforated  and  cratered  plate  impacted  by  the  debris  cloud  to  the 
post-impact  kinetic  energy  for  equivalent  plate  impacted  by  a  steel  cylinder  as  described  above  and  as  illustrated  by 
the  lower  sketch  in  Fig  9  In  FATEPEN,  the  comparison  between  the  actual  and  equivalent  impact  is 
accomplished  incrementally  by  examining  the  impact  and  response  of  differential  ring  elements  of  increasing  radius 
The  plate  for  the  equivalent  cylinder  impact  is  defined  as  having  the  areal  density  of  the  current  ring  element  less 
any  material  removed  by  perforating  particles  Thus  we  assume  that  the  perforated  plate  is  set  in  motion  by  the 
debris  cloud  and  a  uniform  plate  of  the  same  material  and  areal  density  impacted  by  a  steel  cylinder  will  deform 
similarly  and  have  similar  capacities  to  convert  kinetic  energy  to  plastic  work  The  free  impact  residual  kinetic 
energy  for  the  equivalent  plate  impacted  by  the  steel  cylinder  at  the  appropriate  ballistic  limit  velocity  then 
determines  maximum  kinetic  energy  that  can  be  converted  to  plastic  work  without  failure.  The  essential 


calculations  are  as  follows  (see  Fig.  9) 

The  radius,  area  and  initial  mass  of  the  current  ring  element  of  width  dr  are 

r  =  r  +  dr  (7) 

dA  =  Tt[r2-(r-dr)2]  (8) 

dM,  =  p,  dAT  (9) 

where  p,  is  the  density  of  the  plate  material,  and  T  is  the  thickness  of  the  plate 

The  trajectory  inclination  angle  and  particle  impact  velocity  for  the  current  ring  are  (Eqs  1  and  2) 

ip -- Tan-*  ((r-Ds/2)/S]  (10) 

= '^l  Cos(q(p)  (11) 


where  D5  is  the  fragment  hole  diameter  in  the  shatter  plate,  and  S  is  the  spacing  between  this  plate  and  the  shatter 
plate 
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The  number  of  ith  type  particles  (i  =  fl,f2  or  t,  see  Fig  8)  impacting  the  current  ring  element  is  (Eq  5) 

dN,  =  N,  (dr/r„,)  (12) 

Each  of  the  debris  particles  are  presumed  to  penetrate  individually  without  any  influence  from  neighboring  particles 
(Fig.  1 1)  Single  particle  residual  mass  and  velocity  models  in  FATEPEN  are  applied  to  each  type  of  particle  to 
compute  particle  residual  mass,  Mrj,  and  velocity,  Vrj,  at  the  current  ring  element  as  functions  of  the  impact 
velocity,  particle  material  and  mass,  Mgj,  and  plate  material  and  thickness,  T  The  debris  particles  are  presumed  to 
be  spheres  for  these  calculations  Each  particle  is  assumed  to  remove  a  plug  of  plate  material,  and  the  plug 
diameter  is  assumed  to  be  equal  to  the  particle  diameter  An  individual  particle  plug  mass  is 

Mp,  =  7tD,2  p,  T/4  (13) 

where  Dj  is  the  ith  type  particle  diameter 


The  impulse  delivered  by  all  of  the  ith  particles  to  the  ring  is 
dl.  =  [Mo,  V„,  -  (Mr,  +  Mp,)  VR,]dN, 


(14) 
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which  presumes  the  mass  lost  by  the  debris  particle  is  deposited  in  the  plate  and  V|^  is  the  residual  velocity  of 
residual  particle  and  plate  plug  combined  mass  center  Also,  the  small  retarding  impulse  from  plate  material 
outside  the  ring  element  during  the  impact  has  been  neglected 

The  mass  deposited  in  the  ring  element  by  all  the  ith  particles 

dMD,  =  (Mo,  -  Mr,)  dN,  (15) 

and  the  total  mass  removed  by  the  perforating  ith  particles  is 

dML,  =  Mp,  dN,  (16) 

The  residual  mass  of  plate  material  within  the  current  radius  r  is 

dM,R  =  dMR,  t  dM,  -  vdML,  (17) 

I 

where  dMR,  is  the  plate  mass  of  any  interior  ring  elements  not  yet  removed  (calculated  below).  It  is  noted  that  if 
dM,R  is  less  than  zero,  the  ring  is  deemed  removed  by  overlapping  perforations  as  in  the  area  removal  model 
described  above  The  total  residual  mass  of  plate  material  and  penetrator  material  in  the  current  ring  is 

dMR  =  dMR  +  dMt+  S(dMD,  -dML,)  (18) 

1 

where  dMR  is  the  retained  total  residual  mass  not  yet  removed  at  lesser  radii 

The  total  impulse  delivered  to  the  current  and  any  retained  interior  rings  from  all  particles  is 

dl  =  dlR  +  Idli  (19) 

I 

where  dIR  is  the  impulse  delivered  to  retained  interior  rings  The  average  residual  velocity  of  the  perforated  plate 
and  deposited  debris  particle  mass  remaining  within  r  is 

Vr  =  dl/dMR  (20) 

The  potential  for  the  actual  nonuniform  debris  cloud  to  remove  the  current  ring  element  is  presumed  to  be  the  same 
as  that  for  a  debris  cloud  with  a  uniform  trajectory  areal  density  within  r  equal  to  the  actual  debris  particle 
trajectory  areal  density  at  r  This  assumption  provides  an  approximation  for  the  contribution  of  debris  particles 
striking  the  plate  interior  to  r  to  removal  of  plate  material  at  r  Any  contribution  to  the  removal  of  the  current  ring 
by  particles  impacting  outside  r  is  neglected  in  this  analysis  Thus,  the  post-impact  kinetic  energy  in  the  plate 
impacted  by  the  uniform  debris  cloud  that  is  to  be  compared  with  the  equivalent  cylinder  impact  is 

KEr  =  [0  5  dMR  Vr2]  r^/A,  (2 1 ) 

where  A,  is  the  total  area  of  remaining  ring  elements  within  the  radius  r 

A,  =  ARn  +  dA  (22) 

where  AR,  is  the  retained  area  of  unremoved  ring  elements  at  lesser  radii 

Only  the  remaining  plate  material  undergoes  plastic  work  during  the  plate  response  (i  e  ,  the  deposited  debris  mass 
will  be  carried  without  further  deformation)  The  uniform  plate  thickness  representing  the  same  energy  absorbing 
capacity  per  unit  area  as  the  perforated  ring  element  is  therefore 

T,  -  dM,R/(ArP,)  (23) 

A  rigid  steel  cylinder  with  mass,  M,.,.  impacting  the  equivalent  plate  at  the  ballistic  limit  velocity,  V50,  will  first 
exchange  momentum  with  the  plate  plug  of  mass,  M,|,  in  the  path  of  the  cylinder  The  initial  momentum  exchange 
is  assumed  to  occur  as  a  free  impact  without  influence  of  the  surrounding  plate  material  The  free  impact 
decelerates  the  cylinder  and  accelerates  the  plate  plug  to  an  initial  post-impact  velocity  of 

VrcI  =  V,„/(M„  +  M„)  (24) 

prior  to  any  deformation  of  the  plate  The  mass  of  the  steel  cylinder  with  L/D  =  1  is 

Me,  =  27tr3  pj, 


(25) 
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and  the  plate  plug  mass  is 

M,i  =  Ttr^  p,  T(.  (26) 

The  free  impact  residual  kinetic  energy  for  the  equivalent  impact  is 

KEr„  =  0  5  V,„2/(l  +  M„|/Me,)  (27) 

Since  the  equivalent  impact  occurs  at  the  ballistic  limit  velocity,  KErcj  should  provide  a  good  estimate  for  the 
maximum  free  impact  residual  kinetic  energy  that  can  be  removed  by  plastic  work  in  the  plate  without  rupturing 
Thus  the  criterion  for  removal  of  the  current  ring  element  by  the  debris  cloud  is 

IF  KEr  >  KErj,|  The  ring  element  is  removed  and  (28) 

dMR,  =  dMR  =  dIR  =  ARr  =  0  (29) 

OTHERWISE  The  ring  element  is  retained  and 

dMR,  =  dM,R,  dMR  =  dMR,  dlR  =  dl,  AR^  =  Ar  (30) 

An  important  question  remains  as  to  what  ballistic  limit  velocity  expression  is  most  appropriate  for  the  model.  An 
initial  attempt  to  use  a  ballistic  limit  velocity  equation  for  deforming  steel  cylinders  with  an  upwards  correction 
term  for  thin  plates  to  account  for  membrane  type  response  produced  central  hole  predictions  that  were  too  low 
The  second  attempt  was  to  use  the  ballistic  limit  velocity  expression  for  very  efficient  plugging  type  perforations  by 


nondeforming  steel  cylinders,  namely  (Ipson  and  Recht,  1977) 

V50  =  V50T  =  C,  (T/D)'>  73/(L/D)''  ^  (31) 

where  C.,  is  an  empirically  determined  constant  depending  on  plate  material  For  an  L/D  =  1  cylinder  perforating 
the  equivalent  plate,  Eq  3  I  reduces  to 

V5,.  =  =  C,  (Te/2r)"  23  (32) 

Values  ofC^  for  steel  plates  are  given  by  (Ipson  and  Recht,  1977) 

C,  =  -0  0062  (BHN,)2  +  3  28  (BHN,)+  184  (m/s)  (33) 

and  for  aluminum  plates  by  (Ipson  and  Recht,  1977) 

C^  =  -,00l66(BHN,)2  +  O.75(BHN,)  +  30O  (m/s)  (34) 


where  BHN,  is  the  Brinell  hardness  of  the  plate  material.  The  values  used  for  the  mild  steel  plates  (BHN,  =  185) 
and  the  2o24  aluminum  plates  (BHN,  =  120)  for  the  model  and  test  data  comparisons  below  were 

C.,  =  578  m/s  (Mild  Steel  Plates),  =  366  m/s  (2024  Aluminum  Plates) 

The  plug-shear  limit  velocity  expressions  above  provided  much  better  agreement  between  model  predictions  and 
the  test  results  A  closer  look  at  the  calculations  revealed  predicted  post-impact  ring  velocities  on  the  order  of  1000 
m/s  which  is  too  high  for  the  plate  response  component  of  the  limit  velocity  to  be  actuated  It  would  thus  appear 
that  the  high  velocity  gradient,  early-time  plugging  type  failures  were  predominant  in  the  test  results. 


COMPARISONS  BETWEEN  MODEL  PREDICTIONS  AND  TEST  RESULTS 

The  area  removal  and  impulse-response  models  for  the  central  hole  diameter,  D,,.  are  compared  with  the  test 
results  in  Figs  10  and  1 1  The  test  conditions  and  FATEPEN  debris  characteristics  (see  Debris  Particle  Numbers 
and  Sizes)  are  listed  above  each  graph  Also  shown  in  each  graph  are  the  maximum  impact  pattern  diameters,  Dn,f 
and  Dj„|,  for  the  penetrator  and  plate  particles  based  on  their  respective  maximum  dispersion  angles  of  10°  and  20°, 
respectively  It  can  be  seen  that  the  impulse  model  predicts  that  the  faster  dispersing  plate  particles  enlarge  the 
central  hole  beyond  the  pattern  of  penetrator  panicles  only  for  plate  spacings  on  the  order  of  a  few  sphere 
diameters  It  can  be  seen  that  the  impulse-response  model  provides  improved  predictions  over  the  simple  area 
removal  model  in  all  cases,  and  that  this  model  predicts  that  hole  enlargement  is  determined  mostly  by  the  denser 
pattern  of  penetrator  particles  The  new  model  applies  particularly  well  to  the  thinner  plates  (Fig  10)  but 
underpredicts  the  central  hole  diameters  in  the  thicker  plates  at  larger  plate  spacings  (Fig  1 1).  The  low  predictions 
probably  reflect  the  need  to  better  account  for  the  impulse  transmitted  to  the  current  ring  increment  by  plate 
material  removed  at  inner  radii 
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0.81  MM  MILD  STEEL  WITNESS  PLATE 
V= 1430- 1650  M/S  (Vavg=1554  M/S) 
Mfl,  Mf2,  Mf3,  Mt,  Nf2,  Nf3,  Nt  = 
1.42,0.122,0.023,1.430  (grams),  28.71,1 


0.81  mm  MILD  STEEL  WITNESS  PLATE 
V=1980-2300  m/s  (Vavg  =  2133  m/s) 

Mfl,  Mf2,  Mf3,  Mt,  Nf2,  Nf3,  Nt  = 
0.623,0.010,0,002,0.005  (grams),  366,1040,408 


1.6  MM  2024  ALUMINUM  WITNESS  PLATE 
V= 1430- 1830  M/S  (Vavg=1676  M/S) 
Mfl,  Mf2,  Mf3,  Mt,  Nf2,  Nf3,  Nt  = 
1.16,0.019,0.003,0.010  (grams),  193,551,210 


1.6  MM  2024  ALUMINUM  WITNESS  PLATE 
V=2070-2410  M/S  (Vavg  =  2255  M/S) 

Mfl,  Mf2,  Mf3,  Mt,  Nf2,  Nf3,  Nt  = 
0.532,0.009,0.002,0.004  (groms),  424,1210,476 


I  ig  10  Comparisons  Between  Model  Predictions  and  Te.st  Results  for  Thinner 
Steel  and  Aluminum  Plates 


SUMMARY  AND  CONCLUSIONS 

A  relatively  simple  engineering  model  has  been  developed  to  predict  the  size  of  the  central  hole  in  plates  impacted 
by  high  velocity  multi-particle  debris  clouds  The  model  is  based  on  .straightforward  momentum  conservation  and 
utilizes  well  e.stablished  individual  particle  penetration  equations  applied  to  each  of  the  generic  particles  in  the 
debris  cloud  The  multi-particle  effects  are  determined  by  simple  summation  of  the  individual  particle  effects  The 
model  employs  empirical  ballistic  limit  velocity  data  for  170  I  steel  cylinders  as  an  expedient  substitute  for  first 
principle  modeling  of  plate  response  and  failure 


2.39  MM  MILD  STEEL  WITNESS  PLATE  4.S2  MM  2024  ALUMINUM  WITNESS  PLATE 

V=2040-2290  M/S  (Vavg  =  2194  M/S)  V=2250-2380  M/S  (Vavg  =  23)6  M/S) 

Mfl.  Mf2.  Mf3,  Mt,  Nf2,  Nf3,  Nt  =  Mfl,  Mf2,  Mf3,  Mt,  Nf2.  Nf3,  Nt  = 

0.578.0.010,0.002,0.005  (grams),  394.1120,441  0.501.0.008,0.001,0.004  (grams),  454,1290,512 


S/D  S/D 


Fig  1 1  Comparison  Between  Model  Predictions  and  Test  Results  for  Thicker 
Steel  and  Aluminum  Plates 

The  impulsive  loading  and  response  model  provides  much  improved  agreement  with  test  data  over  predictions  from 
an  earlier  model  base  on  simple  area  removal  The  new  model  currently  predicts  damage  to  thinner  plates  more 
accurately  than  thicker  plates  The  comparisons  between  model  predictions  and  test  results  suggest  that  early  time 
shear  failure  is  the  likely  predominant  failure  mechanism  for  central  hole  enlargement  Future  model  improvement 
etforts  should  include  an  improved  accounting  of  impact  load  transmission  betw  een  the  plate  ring  elements 
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THE  APPLICATION  OF  THE  INTEGRAL  THEORY  OF  IMPACT 
TO  MODEL  PENETRATION  OF  HYPERVELOCITY  IMPACT 
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6220  Culehra  Road,  San  Antonio,  TX  78238 


ABSTRACT 

The  Integral  Theory  of  Impact  (ITI)  (Swanson  and  Donald.son,  1 978)  is  a  unique  formulation  of  the  equations 
of  motions  of  projectiles  to  describe  the  penetration  process.  The  model  requires  only  basic  material 
properties,  no  empirical  data  is  needed.  The  original  model  was  modified  to  divide  the  penetration  process 
into  three  consecutive  phases.  The  new  model  has  successfully  modeled  impacts  over  a  wide  range  of 
velocities,  at  normal  or  oblique  impact,  for  infinite  or  finite  targets.  In  order  to  better  match  the  experimental 
ob.scrvations  of  impacts  in  the  hypervclocity  range,  it  was  necessary  to  include  a  thermal  softening  effect 
on  flow  stress.  For  finite  targets,  the  back-face  effect  is  proposed  to  be  a  function  of  both  penetration 
velocity  and  the  speed  of  sound,  extending  the  model’s  applicability  to  hypcrvelocity  penetration. 


INTRODUCTION 

The  Integral  Theory  of  Impact  (ITI)  was  applied  by  Swanson  and  Donaldson  (1978)  to  the  problems  of 
modeling  long  rod  penetration  performance.  The  penetrator  is  modeled  as  a  right  circular  cylinder  shaft 
with  a  cylindrical  head.  Schematically,  this  is  shown  in  Fig.  1  for  the  actual  case  and  the  model.  At  impact, 
the  head  is  allowed  to  expand  radially  and  contract  axially.  The  target  material  starts  to  flow  from  the  shaft 
into  the  head  and  is  assumed  to  be  sheared  off  the  radial  surface  of  the  head  by  the  target  material.  This 
simulates  the  spreading  of  the  head  as  it  is  eroded  during  penetration. 

Equations  of  motion  are  derived  based  on  the  global  conservation  of  mass,  momentum  and  energy.  Strength 
terms  of  the  target  and  rod  materials  are  governed  by  the  adiabatic  hardness  and  the  adiabatic  yield  strength 
respectively.  The  model  requires  only  basic  mcchanic-al  and  thermal  properties  to  complete  the  problem 
description. 

The  ITI  model  was  rederived,  modified  and  applied  for  a  wide  range  of  impact  velocities.  The  Modified 
Integral  Theory  of  Impact  (MITI)  model  was  implemented  into  the  Computer  Aided  Armor  Design/Analysis 
(CAAD)  system  (Riegel,  et  al.,  1990). 


THE  ITI  MODEL 

The  original  ITI  model  is  based  on  E*,  the  energy  per  unit  mass  dissipated  in  the  form  of  plastic  work  as 
the  target  flows  around  the  penetrator.  (Swanson  and  Donaldson,  1978)  gives  an  expression  for  E*  in  terms 
of  the  heat  capacity,  Cp,  melting  temperature,  T„,  and  flow  stress  a/ 
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Fig.  1.  Long  Rod  Nl  idel. 


E*  =  Q.55CJJn 


.08pC,7’„‘^  _ 


(1) 


The  flow  stress  is  defined  as  a  function  of  temperature  and  strain  rate;  however,  Swanson  and  Donaldson 
(1978)  state  that  E*  is  insensitive  to  strain  rate  for  most  materials.  In  our  extension  of  the  model  for  the 
hypcrvcloeity  range  it  was  necessary  to  include  a  thermal  softening  effect  on  flow  stress. 

Strength  terms  for  the  rod  and  the  target  materials  are  defined  as  follows  (respectively): 


Adiabatic  Yield  Strength  =  Pp£p* 

Adiabatic  Hardncs.s  =  p,£,* 


(2) 


where  p  is  the  material  density  and  subscripts  p  and  /  arc  related  to  pcnctrator  and  target  respectively.  The 
pressure  at  the  hcad/targci  interface  is  governed  by  fluid  drag,  Cj,  and  the  adiabatic  hardness: 


(3) 


where  is  the  head  velocity. 

Having  defined  the  geometry,  velocities  and  the  adiabatic  terms,  the  equations  of  motion  of  the  system  arc 
derived  using  conservation  laws. 


Model  Modifications 

Several  modifications  to  the  original  model  were  made  to  better  match  experimental  observations: 


The  application  of  the  integral  Uieor>'  of  impact 


845 


a.  The  penetration  process  was  divided  into  three  phases. 

b.  A  modified  axial  force  was  applied  for  oblique  impact  was  presented  by  Yaziv,  Cox, 
and  Riegel  (1991). 

c.  Modeling  of  yawed  penetration  in  the  0  to  90  degrees  range  was  prestuicO  by  Yaziv, 
Walker,  and  Riegel,  (1992). 

d.  Thermal  softening  effect  was  applied  for  hypervelocity  impacts. 

e.  The  back-face  effect  was  extended  for  perforations  in  the  hypervelocity  range. 


The  Penetration  Process.  The  penetration  process  is  divided  into  three  phases: 

Phase  I:  Head  Formation 

Phase  II:  Steady  State  Penetration 

Phase  III:  Final  Penetration 

The  initial  penetration  velocity  is  determined  from  the  shock  conditions  generated  upon  impact  at  the 
hcad/target  interface.  The  linear  Hugoniot  relationship  between  the  shock  velocity,  U,  and  the  particle 
velocity,  V.  is  assumed: 

U  =  C„+SV  (4) 


where  C„  is  the  bulk  sound  speed  and  S  is  the  slope. 

At  the  head/shaft  interface,  the  dynamic  pressure  is  given  by: 

P,=p„[iV,-V,f  +  E,*]  (5) 

where  V,  is  the  shaft  velocity. 

The  volume  of  the  head  is  assumed  to  be  constant  and  its  initial  length  equals  the  shaft  diameter.  The 
constant  mass  requires  that  the  rate  of  mass  inflow,  m,,  equals  the  rate  of  mass  outflow,  m„. 

The  terms  for  the  head  radius  and  the  mass  flow  (and  their  derivatives)  together  with  the  global  conservation 
laws  of  momentum  and  energy  arc  jsed  to  establish  the  head  formation  and  its  equation  of  motion.  The 
forces  acting  on  both  sides  of  the  head  are  determined  from  Equations  (3),  (5)  and  the  instantaneous  areas. 

The  termination  of  Phase  I  and  the  transition  to  Phase  II,  the  steady  state  penetration,  occurs  when  one  of 
the  following  two  conditions  is  met: 

a.  The  decreasing  head  velocity  reaches  steady  state  velocity. 

b.  The  shock  condition  at  the  center  of  the  hcad/target  interface  is  distorted  by  release 
waves. 

The  head  final  relative  radius  is: 

K  =  KJa  (6) 


where  a  and  h  arc  the  shaft  and  the  head  radii,  shown  in  Fig.  1 . 


Steady  state  penetration  is  obtained  when  the  forces  acting  on  both  sides  of  the  moving  head  are  balanced 
while  the  penctrator  keeps  eroding.  Solving  Equations  (3).  (5)  and  (8)  yields  as  a  function  of  V : 


P.[(K  -  +  E*  =  P,El 


V/,  -r 

\  2 


(7) 


The  deceleration  of  the  shaft  is  cau.scd  by  its  adiabatic  yield  strength  (Tate,  1978): 
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AV^=^At  (8) 

where  is  the  instantaneous  shaft  length  and  At  is  the  time  interval. 

There  are  three  main  differences  between  the  cunent  steady  state  and  the  Tate  (1978)  model; 

(1)  The  specific  energy,  £,*,  replaces  R,  and  for  the  target  resistance  and  the  rod 
strength. 

(2)  A  head  is  formed  instead  of  constant  cross  section. 

(3)  Forces  on  both  sides  of  the  moving  head  are  balanced  instead  of  pressures. 

Item  (1)  gives  the  advantage  of  determining  material  strength  based  on  material  properties  only.  Items  (2) 
and  (3)  permit  a  more  realistic  modeling  of  oblique  impact.  The  relations  between  the  forces  and  the 
pressures  for  steady  state  penetration  have  been  discussed  by  Write  and  Frank  (1988).  They  showed  that 
Tate’s  modified  Bernoulli  equation  follows  as  a  consequence  of  the  global  conservation  of  mass,  momentum 
and  energy  in  a  steady  flow. 

In  Phase  III  of  the  penetration  process,  we  enabled  four  options  by  which  penetration  terminated: 

a.  The  rod  is  consumed  if  the  shaft  velocity  is  sufficiently  high  to  completely  erode  the 
rod. 

b.  The  penetration  ceases  if  the  shaft  velocity  falls  below  a  critical  velocity  at  which  the 
head  reaches  zero  velocity.  This  occurs  when  the  target  adiabatic  hardness  is  higher 
than  the  rod  adiabatic  yield  strength  and  impact  velocity  is  low. 

c.  Rigid  penetration  occurs  if  the  shaft  velocity  reaches  head  velocity  and  the  rod  ceases 
to  deform.  This  may  occur  when  the  rod  adiabatic  yield  strength  is  higher  than  the 
target  adiabatic  hardness  and  the  impact  velocity  is  low. 

d.  The  target  is  perforated  if  the  target  thickness  is  less  than  the  penetrating  ability  of  the 
rod. 


Penetration  at  Hypervelocity  Impact 

The  MITl  model  predictions  match  experimental  results  at  ordnance  velocities  (up  to  2  km/s),  as 
demonstrated  by  Yaziv,  et  al.,  (1991,  1992).  However,  for  higher  impact  velocities,  the  model  starts  to 
underestimate  the  measured  values.  In  order  to  better  match  the  experimental  observations  at  the 
hypcrvelocity  range,  it  was  necessary  to  use  a  flow  stress  expression  that  is  a  function  of  temperature  (see 
Equation  I). 

At  high  velocities,  the  temperature  may  soften  the  target  material  and  cause  both  E*  and  the  adiabatic 
hardness  of  the  target  material  to  decrease.  The  effect  of  the  strain  rate  sensitivity  on  the  material  flow 
stress  (Equation  1)  is  negligibly  small. 

The  temperature  rise  caused  by  the  shock  wave  generated  at  the  rod/target  interface  vicinity  is  on  the  order 
of  O.r  K/GPa  (McQueen,  ct  al.,  1963)  while  the  temperature  rise  (7  -  T„)  caused  by  plastic  flow  of  the 
target  material  is: 


T- 


(9) 


where  is  the  plastic  strain  in  the  target  material. 

The  constitutive  respon.se  of  the  target  material  is  pre.scnled  in  Equation  1  by  the  Johnson-Cook  model 
(1985)  neglecting  the  strain  rate  effect: 


a  =  a„[l+Be;][l  +  7*"’] 


(10) 
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where  T*  is  the  homologous  temperature  (T  -  r„)  /  {J„  -  T^),  while  B,  n  and  m  are  material  constants. 
Anderson  and  Walker  (1991)  used  numerical  simulations  of  a  tungsten  long  rod  projectile  penetrating  into 
semi-infinite  4340  (Rc30)  steel  to  calculate  the  normalized  depth  of  penetration  P/L  {P  is  the  penetration 
depth  and  L  is  the  rod  initial  length).  For  impact  velocities  1 .2  to  1 .7  km/s  they  used:  B  =  0.644;  n  =  0.26. 
When  they  increased  the  temperature  exponent  m  from  0  to  1.03,  P/L  was  increased  from  0.785  to  0.850 
at  1 .5  km/s.  That  considerable  rise  of  8.3%  can  grow  for  higher  impact  velocities. 


Modification  of  Back  Face  Effect  for  High  Velocities 

Back  face  effects  are  treated  (Swanson  and  Donaldson,  1978)  by  reducing  E,*  as  the  penetrator  approaches 
the  back  face  of  the  target.  An  analytic  function  was  derived  by  performing  indentation  hardness  tests  on 
aluminum  and  lexan  at  different  depths  of  penetration.  Based  on  these  results,  the  following  function  was 
developed  for  E,*,  which  reduces  its  magnitude  linearly  as  the  penetrator  approaches  the  back  face: 


E*  =  E* 

for 

t  -  p  >^b 

*  ~ P 

for 

t  -  p  <Pb 

(11) 

where  t  is  the  target  thickness  and  b  is  the  instantaneous  head  radius.  We  found  that  this  model,  derived 
from  static  experiments,  overestimates  the  back  face  effect  for  high  impact  velocity. 


For  high  velocities,  the  effect  of  the  back  face  is  weaker  and  the  free  face  information  approaches  the 
hcad/target  interface  at  a  distance  associated  with  the  speed  of  sound,  C,,  in  the  target  material.  Thus,  we 
modified  the  model  as  follows: 


r 


(12) 


Equation  ( 1 2)  is  substituted  into  Eq.  ( 1 1 )  with  =  4. 

Back  face  effect  for  oblique  impacts  are  treated  in  the  same  way  as  for  normal  impact.  They  are  based  on 
the  distance  from  the  penetrator  to  the  back  surface,  measured  along  a  normal  to  the  back  surface  and  not 
along  the  penetrator  axis  in  the  direction  of  penetration,  as  the  penetrator  approaches  the  back  face. 


COMPARISON  WITH  EXPERIMENTS 

Results  of  the  MITI  calculations  versus  experimental  data  arc  presented.  Material  properties  are  given  in 
Table  1,  and  the  model  constants  as  defined  by  Swanson  and  Donaldson  (1978)  are:  =  0.5  and  P„  =  4. 


Table  1.  Materials  Properties 


Material 

P  , 
(k^m^) 

a 

(Kbar) 

Cp 

Tmelt 

(‘K) 

c„ 

(m/s) 

S 

E* 

(xl0‘) 

RHA 

7850 

8 

454 

2100 

4670 

1.440 

0.4493 

HH  Steel 

7850 

9 

454 

2100 

4670 

1.440 

0.5150 

Tungsten 

17500 

14 

116 

2640 

4029 

1.237 

0.2443 

DU 

18600 

14.82 

118 

1473 

3030 

1.270 

0.1823 

MlTl  calculations  compared  with  Tate,  et  al.,  (1978)  experiments,  with  tungsten  rods  again.st  semi-infinite 
targets,  arc  shown  in  F'g.  2.  Calculations  compared  with  Hohlcr  and  Slilp  (1977)  experiments  in  a  wide 
range  of  impact  velocities  are  shown  in  Fig.  3.  Here  normalized  penetration  versus  impact  vckK'ity  (C  is 
the  sound  speed)  for  both  tungsten  and  steel  rods  are  presented.  Table  2  presents  BRL  long  DU  rod  tests 
(Mullin,  1991)  again.st  269  BHN  .steel.  The  experimental  results  compared  favorably  with  the  MlTl 
calculations.  The  deviation  of  the  calculated  values  arc  5%  or  less  below  the  experimental  data. 
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Figure  4  represents  CSTA  tungsten  long  rod  tests  at  45°  obliquity  against  3/4" -thick  RHA  target  plates 
(Kecle,  et  al.,  1990).  Calculations  of  residual  rod  velocity  and  residual  rod  length,  made  with  the  MITI 
model,  show  reasonable  agreement  with  the  experimental  results  (data  for  finite  targets  at  higher  velocities 
were  not  available). 

Additional  calculations  of  the  MlTl  model  are  given  by  Yaziv,  et  al.,  (1991,  1992). 


Fig.  2.  Penetration  versus  Impact  Velocity — Tate,  et  al.,  (1978)  Experiments. 


Table  2.  DU  Tests  (Keelc,  et  al.,  1990) 


Velocity 

Penetration  (mm) 

Shot 

(m/sec) 

Experiment 

MITI 

Deviation 

1240 

1979 

334.0 

325 

1241 

2344 

377.5 

364 

1242 

2074 

347.0 

336 

1243 

2391 

388.0 

369 

4.9% 

1244 

1927 

326.0 

319 

2.1% 

2045 

1725 

302.0 

287 

5.0% 
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Fig.  3.  Penetration  versus  Impact  Velocity — Hohler  and  Stilp  (1977)  Experiments. 


Measured 

Calculated 

Residuat  Velocity  (m/s) 

1307  ±  50 

1319 

Residual  Length  (nn) 

66  ±  10 

7S 

Fig.  4.  CSTA  Tests — Oblique  Impact  Against  Thin  Targets. 
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CONCLUSIONS 

Several  modifications  were  incorporated  to  make  the  original  ITI  model  applicable  over  a  wide  range  of 
impact  velocities.  In  order  to  better  match  the  experimental  observations  at  the  hypervelocity  range,  it  was 
necessary  to  use  a  flow  stress  expression  that  is  a  function  of  temperature.  At  high  velocities,  the  temperature 
may  soften  the  target  material  and  as  a  consequence,  to  decrease  both  E*  and  the  adiabatic  hardness  of  the 
target  material.  The  back  face  effect  also  was  extended  for  perforations  at  the  hypervelocity  range.  For 
high  velocities,  the  back  face  effect  is  weaker  and  the  free  face  information  approaches  the  head/target 
interface  at  a  distance  associated  with  speed  of  sound  in  the  target  material. 
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ABSTRACT 

A  simple  debris  cloud  model  is  developed  by  considering  the  one  dimensional  shock  wave  motion  in  the 
material  together  with  the  catastrophic  fragmentation  theory  by  Grady.  The  model  provides  a  simple 
method  for  calculating  the  velocities  at  the  outer  perimeter  of  the  cloud  and  the  average  particle  size  in  the 
cloud. 


INTRODUCTION 

The  debris  cloud  produced  by  hypervelocity  particle  impact  has  received  considerable  interest  in  the 
impact  engineering  community.  Recent  experimental  and  analytical  studies  on  this  subject  are 
documented  in  the  Hypervelocity  Impact  Symposia  edited  by  Anderson  (1987,  1990).  In  these 
symposium  volumes,  excellent  x-ray  photographs  portraying  the  behavior  of  debris  clouds  produced  by 
both  normal  and  oblique  impact  were  presented  by  Piekutowski  (1987,  1990).  However,  there  is  a  lack 
of  rigorous  analysis  on  these  observed  phenomena.  The  major  difficulty  has  been  that  the  material,  upon 
hypervelocity  impact,  will  be  broken  into  a  debris  cloud;  yet  in  the  analytical  treatment,  the  material  has 
b^n  treated  as  a  continuum  that  breaks  down  when  the  tensile  stress  in  the  medium  has  reached  a  critical 
value.  This  approach,  although  proper  for  the  process  of  dynamic  fracturings,  does  not  appear  suitable 
for  the  formation  of  a  debris  cloud  resulting  from  catastrophic  failure  of  the  material.  Upon 
hypervelocity  impact,  shock  waves  are  generated  at  the  contact  surface,  propagate  outward,  and  set  the 
m^ia  into  a  state  of  compression.  It  is  intuitively  clear  that  the  bagmentation  process  will  not  take 
place  until  the  stress  in  the  media  is  changed  to  tensile  by  the  reflected  waves  from  the  boundary  or  by 
the  scattered  waves  from  the  internal  flaws.  Until  then,  a  large  amount  of  tensile  energy  is  imparted  to 
the  material  in  a  very  short  time.  When  the  tensile  stresses  exceed  the  fracture  limits,  a  catastrophic 
break-down  of  the  material  occurs  and  a  debris  cloud  is  formed. 

In  a  series  of  papers,  a  fragmentation  theory  based  on  energy  balance  was  developed  by  Grady  (1982, 
1987a,  b)  for  explaining  the  catastrophic  failure  process.  In  this  paper,  we  will  demonstrate  that  the 
formation  of  a  debris  cloud  produced  by  a  hypervelocity  impact  can  be  understood  by  following  the  wave 
motions  in  the  medium  together  with  Grady's  catastrophic  fragmentation  theory.  In  the  following 
sections,  a  brief  recount  of  wave  motions  in  the  media  produced  by  impact  will  be  presented.  A 
discussion  of  Grady's  catastrophic  fragmentation  theory  then  follows  in  section  III.  Since  a  different 
interpretation  is  required  for  the  application  of  theory  to  the  formation  of  a  debris  cloud,  a  brief  review  of 
the  theory  and  its  interpretation  will  be  presented  in  this  section.  A  simple  debris  cloud  model,  based  on 
one-dimensional  wave  motion  in  the  media  and  Grady's  catastrophic  fragmentation  theory,  is  presented  in 
section  IV.  The  analytical  predictions  are  compared  with  Piekutowski's  experimental  results  in  section 
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V.  The  model  provides  a  reasonable  prediction  on  the  velocity  vectors  at  the  outer  perimeter  of  the  cloud 
and  the  average  size  of  particles  in  the  cloud. 


WAVE  MOTIONS  PRODUCED  BY  IMPACT 

Consider  a  flat  plate  of  thickness  "h”  to  be  impacted  by  a  cylinder  (LxD)  with  a  velocity  Vj  as  shown  in 
Fig.  1.  Following  Maiden  (1963),  upon  hypervelocity  impact,  the  projectile  and  target  materials  are 
shocked  into  the  fluid-like  state.  Shock  waves  Si  and  S2  (the  latter  is  not  shown  in  the  figure)  are 
generated  at  the  contact  surface  propagating  outward  and  set  the  media  into  a  state  of  comin’ession.  At  the 
same  time,  the  rarefaction  wave  Ri  ri'om  the  free  boundaries  begin  to  propagate  into  the  compressed  zone 
changing  the  state  of  stress  into  tensile.  Some  fragments  are  therefore  immediately  ejected  from  the 
tension  zone  as  shown  in  Fig.  1 .  In  this  study,  we  shall  focus  our  attention  on  the  debris  cloud  that  will 
emerge  from  the  back  surface  of  the  target  plate. 


Fig.  1.  Wave  Motions  and  Fragmentation.  (After  Maiden) 


Assuming  the  target  plate  is  thin  relative  to  the  diameter  and  length  of  the  projectile,  the  shock  wave  S2 
(not  shown  in  the  figure)  is  reflected  as  a  rarefaction  wave  R3  from  the  back  surface  of  the  plate.  When 
the  R3  reaches  interface  (I)  between  the  projectile  and  target  plate,  a  reflection  and  transmission  of  the 
wave  takes  pltK:e.  Let  R4  be  the  wave  transmitted  into  the  projectile.  The  material  in  the  region  swept 
by  rarefaction  waves  Ri ,  and  R3  (or  R4)  are  now  in  the  state  of  tension.  Since  a  large  amount  of  tensile 
energy  is  imparted  into  the  material,  catastrophic  fragmentation  of  material  can  take  place  in  these 
regions.  As  the  rarefaction  wave  R4  continues  to  propagate  into  the  projectile,  depending  upon  the 
dimension  of  projectile  and  its  material  properties,  one  of  the  following  three  situations  as  portrayed  in 
Fig.  2  may  occur: 

1)  Shock  wave  S]  is  reflected  as  R5  from  the  free  boundary  of  the  projectile.  Rarefaction  wave  R5 
interacts  with  R4  and  sets  the  entire  region  into  a  state  of  tension.  In  this  case,  the  projectile  together 
with  a  portion  of  the  target  plate  are  shattered  into  fragments  forming  a  debris  cloud. 

2)  Rarefaction  wave  R4  catches  up  with  S 1  creating  an  attenuating  wave.  The  diminishing  strength  of 
this  wave  may  reduce  the  fragmentation  of  the  remaining  portion  of  the  projectile,  or  produce  fragments 
of  larger  size. 
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3)  The  rarefaction  waves  R  i  from  the  free  boundary  meet  at  the  axis  of  symmetry  of  the  projectile  as 
shown  in  case  3  of  Fig.  2.  This  would  unload  the  remaining  portion  of  the  projectile.  The  unloaded 
portion  of  the  projectile  would  continue  its  motion  as  a  rigid  body. 

The  wave  motions  described  in  the  above  paragraphs  were  qualitatively  analyzed  by  Maiden  (1963)  using 
one-dimensional  wave  theory.  Since  the  deformation  of  the  projectile  and  target  plate  are  axi-symmetric, 
the  problem  can  be  rigorously  analyzed  by  applying  the  two  dimensional  characteristic  method.  The 
method  was  developed  by  Butler  (1960)  and  Elliott  (1962),  and  was  applied  to  the  related  dynamic 
penetration  problems  by  Madden  (1967).  The  same  fragmentation  problem  was  also  analyzed  by 
Trucano,  Grady,  and  McGlaun  (1990)  by  applying  the  CTH  Hydrocode.  In  this  paper,  we  will 
demonstrate  that  the  characteristics  of  the  debris  cloud  produced  by  hypervelocity  impact  can  be 
qualitatively  described  by  analyzing  the  one  dimensional  shock  wave  motion  in  the  media  together  with 
Grady's  catastrophic  fragmentation  theory. 


Case  I :  The  entire  region  is  fragmented. 


1 


Fragmented  Region 


Case  2:  Racatches  up  S,,  and  greatly  reduces  the  strength 
of  both  waves 


Case  3;  Rj  merges  at  the  center  of  projectile,  and  completely 
unload  the  remaining  portion  of  the  projectile. 


R 


Fig.  2.  Possible  Modes  of  Fragmentation 
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GRADY’S  CATASTROPHIC  FRAGMENTATION  THEORY 

By  regarding  the  dynamic  fragmentation  process  as  a  macroscopic  failure  through  internal  spalls,  the 
following  three  criteria  for  catastrophic  fragmentation  were  postulated  by  Grady  (1982, 1985, 1988); 


The  Spalling  Strength  —  A  Material  Property 

As  the  material  is  loaded  in  tension,  an  elastic  energy  is  stored  in  the  medium.  A  theoretical  spall 
strength  (Pth)  can  be  obtained  by  setting  the  elastic  energy  equal  to  the  cohesive  energy  of  the  material. 
Note  that  the  spalling  strength  of  the  material  (Pth),  in  a  rigorous  manner,  is  not  necessarily  a  constant; 
it  can  be  a  function  of  the  local  strain  rate  and  temperature.  In  the  following  development,  Pth  will  be 
regarded  as  a  constant  material  parameter,  and  spallation  will  occur  when  the  tensile  stress  in  the  region 
exceeds  the  theoretical  spallation  strength  (Pth)  of  the  material. 

Following  Grady,  consider  an  element  of  mass  5M  within  an  expanding  elastic  body  as  shown  in  Fig.  3. 
Although  the  strain  rate  may  vary  from  point  to  point  throughout  the  body,  5M  is  assumed  sufficiently 
small  such  that  the  dilatational  strain  rate,  e,  within  the  element  (modelled  as  a  sphere) 


is  nominally  a  constant. 

The  time  dependency  of  the  mean  tension  (P)  in  the  expanding  body  is 

P  =  pcfe.  p, 

In  the  above  equations,  p  is  the  current  density,  and  Cq  is  the  speed  of  sound  in  the  medium.  Equation  (2) 
implies  that  a  time  "t"  is  required  for  the  tension  in  the  material  to  reach  the  magnitude  "P". 


Fig.  3.  Formation  of  Fragments.  (After  Grady) 
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The  Horizon  Condition 


For  a  body  undergoing  catastrophic  macroscopic  failure  through  internal  spalls,  it  is  necessary  for  each 
and  every  volume  of  size  approximately  (cot)^  to  fail  independently.  Since,  at  lime  i,  the 
communication  horizon  can  not  be  greater  than  CqI,  the  nominal  fragment  size  (s)  should  satisfy  the 
inequality, 

s<2c„t  (3) 

A  physical  interpretation  of  this  condition  can  be  made  by  observing  that  the  wave  length  (k)  is  related 
to  the  frequency  (o))  and  the  speed  (cq)  of  the  wave  by  equation 


Xa)  =  c„ 

By  rcplsK^ing  \  by  s/2  and  O)  by  1/t,  the  above  equation  becomes 


(4) 


(f)(i)  =  c 


(5) 


In  view  of  Eq.  (5),  the  horizontal  condition  (Eq.  3)  implies  that  the  fragment  size  distribution  is 
controlled  by  the  frequency  spectrum  of  the  pressure  pulse  produced  by  the  impact. 


The  Energy  Condition 

If  the  body  is  catastrophically  fragmented  into  particles  of  a  nominal  size  ”s",  the  following  energy 
inequality  must  be  satisfied  for  the  local  mass  8M; 

T|,  +  E,  >  Ep  (5) 

In  the  above  equation,  Tl  is  the  local  kinetic  energy  in  5M  available  for  fragmentation.  By  assuming 
that  the  fragments  are  spheres  of  diameter  "s",  Tl  can  be  expressed  as  (Grady,  1982): 


\  = 


120 


pe^s^ 


(7) 


The  term  El  is  the  total  strain  energy  in  5M  as  the  clement  is  carried  into  tension,  and  El  can  be 
expressed  as: 


E,.= 


1 

2  pel 


(8) 


If  the  body  is  broken  into  spherical  fragments  of  sizx;  s,  a  fixture  surface  area  per  unit  volume  equal  to 
6/s  is  created.  Consequently,  the  local  fracture  surface  energy  Ep  can  be  written  as: 


E,= 


(9) 


where,  Kc  is  the  mode  I  critical  stfcss  intensity  factor  of  the  material. 

Grady  postulated  that,  for  brittle  spall  to  be  energetically  permissible  within  the  clement  6M,  inequality 
(6)  must  be  satisfied.  A  minimum  time  requirement  among  Eqs.  (2),  (3),  and  (6)  gives  the  expression  for 
the  brittle  spalling  strength  (Ps),  the  fracture  lime  (ts),  and  the  fragments  size  (s)  as  follows: 


856 


C,  H.  Yhw  ef  al. 


2x\l/3 


P,  =  (3pc„K,^e) 


t  =±(^)2/3 

’  c„  pc„e 


s  = 

pCoE 


(10) 

(11) 

(12) 


The  above  equations  may  be  interpreted  as  follows:  For  an  element  8M  to  be  catastrophically  broken 
down  into  fragments  of  an  average  size  "s",  the  required  spalling  strength  is  Ps,  the  strain  rate  in  the 
material  at  the  instant  of  spalling  is  e,  and  the  time  for  the  material  to  reach  the  state  of  spalling  into 
fragments  of  size  "s"  is  "ts". 


The  hypervelocity  impact  produces  a  large  stress  and  a  high  strain  rate  in  the  material  in  a  very  short 
time.  Also,  the  magnitude  of  the  impact-produced  tensile  stress  Pm  is  expected  to  be  much  higher  than 
the  theoretical  spalling  strength  P^h  of  the  material  (a  much  lower  value  of  P^h  can  be  expected  if  the 
material  has  internal  flaws).  Since  the  time  for  reaching  the  maximum  stress  Pm  in  the  material  is 
short,  it  seems  reasonable  to  expect  that  the  size  of  fragments  is  affected  only  by  the  strength  of  the 
maximum  stress  Pm  (»Ps)  produced  by  the  impact.  Replacing  Pg  in  Eq.  (10)  by  Pm  and  substituting 
Eq.  (10)  into  Eqs.  (1 1)  and  (12)  in  favor  of  Pm,  the  following  equations  are  obtained: 


s  =  6(f^)' 

(13) 

Co  Pm 

(14) 

The  above  equations  imply  that,  if  the  rise  lime  (ir)  for  reaching  stress  Pm  is  less  than  or  equal  to  tg,  the 
material  would  be  broken  into  fragments  of  an  average  size  "s”  as  expressed  by  Eq.  (13). 


It  is  interesting  to  note  that  the  critical  stress  intensity  factor  in  Eq.  (13)  is  equivalent  to  the  strain 
energy  release  rate  during  the  fracturing  process.  During  catastrophic  fragmentations,  the  plastic  zone  in 
front  of  fracture  tips  is  expected  to  be  very  small.  This  conjecture  suggests  that  Eq.  (13)  may  be 
applicable  to  ductile  maieriajs  as  well. 


Now  consider  the  material  to  be  shocked  into  a  fluid-like  state  by  the  intensive  pressure  and  temperature 
produced  by  impact  Applying  the  same  reasoning  as  outlined  in  the  previous  paragraphs,  the  average 
size  of  the  fragments  and  the  corresponding  rise  time  of  the  pressure  pulse  arc,  respectively 


Pm 

(15) 

Pm 

♦ 

(16) 

where,  y,  a  function  of  the  current  temperature,  is  the  surface  energy  of  the  liquid. 

The  above  equations,  Eqs.  (13)  through  (16),  are  based  on  the  premise  that  due  to  non-equilibrium 
characteristics  of  the  fragmentation  process,  all  or  most  of  the  shock  energy  goes  into  the  fracture  surface 
energy.  Experiments  may  show,  in  fact,  that  this  over  predicts  the  intensity  of  the  catastrophic 
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fragmentation  process.  If  so,  it  will  be  necessary  to  alter  the  theory  by  introducing  an  effective  break¬ 
down  stress  Peff  <  Pm  based  on  other  fracture  considerations.  One  possibility  would  be  that 

P  -  /^^cPm-vl/3 

^eff  -  V  ) 

R  .  (17) 

where  R  is  a  characteristic  dimension  of  material  achieving  shock  state  of  Pm  • 

Equation  (13)  or  Eq.  (IS)  is  a  convenient  equation  for  calculating  the  size  of  fragments  because  the 
maximum  stress  Pm  is  directly  related  to  the  impact  velocity  and  the  relative  material  properties  and 
geometry  of  the  projectile  and  the  target  plate. 


A  SIMPLE  DEBRIS  CLOUD  MODEL 

As  demonstrated  in  section  II,  the  fragmentation  of  material  can  only  occur  in  the  tension  regions  swept 
by  rarefaction  waves.  Knowing  the  distribution  of  tensile  stresses  and  particle  velocity  vectors  in  these 
regions,  the  break-down  of  the  material  and  the  formation  of  a  debris  ''’oud  can  be  analyzed  by  applying 
Grady's  catastrophic  fragmentation  theory. 


The  objective  of  this  study  is  to  develop  a  simple  debris  cloud  model  that  is  capable  of  capturing  the 
main  features  in  the  cloud.  Consider  a  plate  of  thickness  ”h"  to  be  impacted  by  a  cylindrical  projectile  (D 
X  L)  with  a  velocity  Vi  as  shown  in  Fig.  4.  For  a  thin  plate  and  a  high  impact  velocity,  it  is  reasonable 
to  assume  that  the  area  of  the  plate  directly  underneath  the  projectile  is  punched  out  as  shown  in  the 
figure.  Let  mp  be  the  mass  of  projectile  and  mt  be  the  mass  of  the  punched-out  portion  of  the  plate. 
The  conservation  of  linear  momentum  gives  the  velocity  at  the  mass  center  (C)  of  the  system  as; 


mp  +  m, 


(18) 


The  wave  motions  in  the  punched-out  poi  ion  is  similar  to  that  described  m  Fig.  2.  Let  p  and  q  be  the 
density  of  projectile  and  target  plate,  and  subscript  "o"  denote  to  the  state  of  material  ahead  of  the  shock 
and  subscript  "1"  behind  shock,  respectively.  The  pressure,  panicle  velocity,  and  the  shock  wave  speed 
in  the  compressed  region  can  be  calculated  by  applying  the  one-dimensional  shock  wave  theory  (Maiden, 
1962)  to  give: 


p  =  -2^(i+[ - 

I-—  q.a--) 

Pi  p. 


v  =  V,{l  +  [ 


qod-^ 

Pi 


Qi 


(19) 


(20) 
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The  shock  wave  speed  in  the  projectile  is 
V,  -—V 


Po  .  (21) 

and  in  the  target  plate  is 


.  (22) 

The  above  equations,  Eqs.  (19)  through  (22),  governs  the  state  of  the  shock-compressed  region.  The 
corresponding  density-pressure  relationship  of  the  materials  are  described  by  the  Hugoniot  equations. 


T 

L 

i 

h 

X 

1 

After  impact,  a  portion  of  plate  is  sheared  out  by  the  projectile 


Fig.  4.  Impact  of  a  Short  Cylinder  on  a  Thin  Plate 
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Fig.  5.  Regions  (I  and  II)  Swept  by  the  Unloading  Waves  from  Boundary 


Assume  that  the  length  (L)  of  projectile  is  short  as  is  shown  in  case  1  of  Fig.  2.  As  the  shock  waves 
reach  the  corresponding  free  bound^  of  the  projectile  and  target  plate,  reflection  of  uie  waves  takes  place 
and  they  propagate  into  the  medium  as  the  unloading  (or  rarefaction)  waves.  Referring  to  Fig.  5,  the 
unloading  process  is  divided  into  the  following  two  regions:  region  I  is  the  region  swept  by  the 
unloading  waves  from  the  top  and  bottom  free  surfaces  of  the  projectile  and  target  plate,  while  region  II  is 
the  region  swept  by  the  unloading  wave  from  the  circumference  of  the  projectile  and  target  plate. 

In  region  I,  after  reflection  of  waves,  the  particle  velocity  at  the  center  of  the  free  surface  of  the  target  is 
VA  =  2v;  and  similarly  vg  =  2v  -  Vj  at  the  free  surface  of  the  projectile.  The  magnitude  of  velocity  "v" 
can  be  calculated  directly  from  Eq.  (20)  together  with  the  Hugoniot  equation  of  the  materials.  The  shock 
wave  is  reflected  as  a  simple  wave  by  the  free  boundary.  Note  that  the  break-down  of  material  in  region  I 
can  not  occur  until  the  arrival  of  unloading  waves  from  the  free  circumference  of  the  projectile  and  target 
plate. 

The  unloading  waves  from  the  free  circumference  provide  a  radial  particle  velocity  "vrad"  to  the  material. 
By  assuming  that  the  vertical  particle  velocity  "v"  is  constant  throughout  region  I  and  the  unloading 
shock  front  in  region  II  is  perpendicular  to  the  r-axis,  the  radial  particle  velocity  component  "Vfad" 
edge  of  target  plate  can  be  calculated  from  the  Rankine-Hugoniot  relation  (Elliott,  1%2)  across  the  shock 
to  give: 


V 


rad 


Pi 

Po 


(23) 


Also,  the  corresponding  velocity  at  the  edge  of  the  projectile  can  be  obtained  by  replacing  po  and  pi  by 
the  corresponding  qo  and  qi . 


The  passage  of  rarefaction  waves  sets  the  material  in  the  region  in  a  state  of  tension.  Since  the  Hugoniot 
equation  is  limited  to  the  material  in  a  state  of  compression,  there  is  a  lack  of  equations  of  state  for  the 
calculation  of  tensile  stress  distributions  in  the  region  swept  by  the  rarefaction  waves.  Assume  that  the 
tensile  pressure  in  the  region  swept  by  the  rarefaction  wave  is  p"  .  For  a  thin  projectile  and  target 
plate,  this  assumption  appears  to  be  reasonable.  The  material  in  the  region  thus  breaks  down 
caiastrop’iically  according  to  Grady's  theory,  and  the  average  particle  size  in  the  cloud  can  be  estimated 
from  Eq.  (13)  or  Eq.  (15). 
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Fig.  6.  Piekutowski's  Debris  Cloud  Model  (1990) 


PLATE  IMPACT  EXPERIMENTS 

Piekutowski  (1990)  carried  oul  an  experimental  study  of  debris  clouds  produced  by  impacting  a  copper 
disk  against  an  aluminum  plate.  Based  on  x-ray  pictures,  he  modelled  the  debris  as  a  rhombus  shaped 
cloud  as  sketched  in  Fig.  6.  He  also  measured  Uie  velocities  at  the  front  (Vf),  rear  (Vr),  and  edges  (Vg, 
Vrad)  of  the  cloud.  Using  the  Hugoniot  curves  of  aluminum  and  copper  given  in  Fig.  13  of  Maiden 
(1963),  the  corresponding  velocities  can  be  calculated  from  the  above  equations.  A  comparison  with 
Piekutowski's  measured  results  are  presented  in  Table  1.  In  the  calculated  results,  the  projectile 
inclination  angles  were  assumed  to  be  zero.  It  is  seen  that  the  agreement  between  the  velocities  at  the 
front  (Vf),  rear  (Vf)  and  center  (V^)  of  the  cloud  is  indeed  reasonable.  We  attribute  the  discrepancies  to 
the  material  properties  (Hugoniot  curves)  used  in  the  calculations.  The  predicted  radial  velocity  at  the 
edge  of  cloud  is  much  larger  than  that  measured  by  Piekutowski.  Our  model  predicts  that,  at  the  edge  of 
cloud,  the  projectile  (copper)  and  target  plate  (aluminum)  have  different  radial  velocities.  For  the 
aluminum  cloud,  our  model  predicts  an  approximate  40-dcgree  cloud  spread  angle  (at  Vq  =  6.53  km/s), 
which  is  close  to  the  experimental  observation  (45  degrees  at  Vq  >  10  km/s)  by  Chhabildas  (1992).  It  is 
interesting  to  note  that  the  debris  cloud  from  the  target  plate  (aluminum)  is  separated  from  the  cloud  from 
the  projectile  (copper),  and  the  copper  cloud  has  a  much  smaller  spread  angle  (22  degrees). 

Assume  that  the  aluminum  target  breaks  down  in  a  brittle  manner,  and  that  the  stress  intensity  factor  (K]) 
for  aluminum  is  30  MN-m'  Also,  assume  that  the  copper  was  melted  by  the  intense  heat  generated 
by  impact,  and  the  surface  energy  (y)  of  liquid  copper  is  1.36  J-m"^  (at  1 100  C)  (Allen,  1972).  Using 
this  information,  the  average  particle  size  in  the  cloud  can  be  calculated  by  substituting  Eq.  (19)  into  Eq. 
(13)  and  Eq.  (15).  The  calculated  values  arc  tabulated  in  Table  1 .  It  is  interesting  to  note  that  the  copper 
cloud  has  much  finer  particles  than  the  aluminum  cloud. 

The  exact  shape  of  the  cloud  and  the  size  of  particles  in  the  cloud  depend  upon  the  shape  of  the  shock- 
compressed  material  and  the  position  of  the  rarefaction  waves  from  the  boundaries.  These  can  only  be 
modelled  precisely  from  at  least  a  two-dimensional  shock  wave  analysis  together  with  the  equations  of 
state  for  materials  both  in  compression  and  in  tension.  The  model  presented  in  this  study  provides  a 
simple  means  for  estimating  the  velocity  and  the  average  particle  size  in  the  cloud.  Knowing  the  average 
particle  size  in  the  cloud,  the  linear  momentum  and  the  expansion  of  the  cloud  can  be  estimated  from  the 
velocities  at  the  front  (Vf),  rear  (Vf),  and  edge  (Vc,  Vraj)  of  the  cloud  as  demonstrated  by  Piekutowski 
(1990). 
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Table  1 .  Debris  Cloud  Velocities  at  Various  Impact  Velocities 

Aluminum  Bumpers  Impacted  by  1  g  Copper  Disk  (L/D=0.3) 
Based  on  Piekutowski's  Data  (1990) 
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CONCLUDING  REMARKS 

The  debris  cloud  model  presented  in  this  study  was  developed  by  considering  the  one-dimensional  wave 
motions  in  the  medium  together  with  Grady's  catastrophic  fragmentation  theory.  Since  the  material 
properties  of  both  the  projectile  and  target  plate,  as  well  as  their  fragmentation  characteristics,  arc  taken 
into  consideration,  the  model  may  be  regarded  as  an  improvement  over  the  spherical  expansion  model  that 
has  been  used  by  many  authors  (Richard.son,  1969;  Swift,  Bamford,  and  Chen,  1982;  and  Lawrence, 
1987,  1989)  in  their  studies  of  the  protective  shield  (i.c.  bumper  plate)  and  the  survivability  of  the 
underlying  structure.  In  the  design  of  a  hypervclocity  particle  shield,  the  time  duration  and  the  spacial 
distribution  of  the  impulsive  force  impinged  on  the  underlying  structure  are  of  main  concern.  Since  the 
panicle  velocity  at  the  outer  perimeter  of  the  cloud  and  the  average  particle  size  in  the  cloud  can  be 
calculated  from  the  equations  presented  in  this  study,  the  model  can  be  u.scd  to  calculate  the  momentum 
and  spread  of  the  debris  cloud  produced  by  a  hypcrvelocity  impact. 


ACKNOWLEDGEMENT 

This  rc.scarch  has  been  supported  in  pan  by  a  grant,  NAG  1 14,  from  the  Johnson  Space  Center  of  NASA 
to  the  first  author  (CHY).  The  reported  study  was  carried  out  when  the  first  author  was  with  the  Sandia 
National  Laboratories  as  a  summer  (1991)  faculty  member.  The  hospitality  of  SNL  is  gratefully 
acknowledged. 


REFERENCES 

Allen.  B.  C.  (1972).  Liquid  Metals  (Beer,  S.  V.Bccr,  cd.).  Dckkcr  Publications,  New  York,  N.  Y. 
Anderson,  C.  E.  Jr.  (1987).  Symposium  on  Hypcrvelocity  Impact,  held  at  San  Antonio,  Texas,  Int.  J.  of 
Impact  Eng.,  Vol.  5,  No.  M. 

Anderson,  C.  E.  Jr.  (1990).  Symposium  on  Hypcrvelocity  Impact,  held  at  San  Antonio,  Texas,  Int.  J.  of 
Impact  Eng.,  Vol.  10,  No.  1-4 

Butler,  D.  S.  (1960).  The  Numerical  Solution  of  Hyperbolic  Systems  of  Partial  Differential  Equations  in 
Three  Independent  Variables.  PrtKCcdings  of  the  Royal  Society,  Scries  A,  Vol.  255,  pp.2.32-252. 
Chhabildas,  L.  C.  (1992):  private  communication. 

Elliot,  L.  A.  (1962).  Shock  Fronts  in  Two-dimensional  Row.  Proceedings  of  Royal  Society  Scries  A 
Vol.  269,  pp.558-.565. 


C.  H  Yi  w  t’l  III 


s(>: 

Grady,  D.  E.  (1987a).  Spall  Sirenglh  of  Condensed  Matter.  J.  of  Mechanics  and  Physics  of  Solids,  Vol. 
36,  no.  3,  pp.  353-384. 

Grady,  D.  E.  (1987b).  Fragmcntaiion  of  Rapidly  Expanding  Jets  and  Sheets.  Int.  J.  of  Impact  Eng.,  Vol. 

5,  the  1986  Hypcrvelocity  Impact  Symposium,  pp.285-292. 

Grady,  D.  E.  (1982).  Local  Inertia  Effects  in  Dynamic  Fragmentation.  J.  of  Appld  Physics,  53(1),  pp. 
322-325. 

Lawrence,  R.  J.  (1987).  A  Simple  Model  for  the  Optimization  of  Stand-off  Hypervelocity  Particle 
Shields.  Int.  J.  of  Impact  Eng.,  Vol.  5.  the  1986  Hypcrvelocity  Impact  Symposium,  pp.  451-461. 
Lawrence,  R.  J.  (1989).  Stand-off  Hypcrvelocity  Particle  Shielck  for  Fixed  Structures.  Sandia  Report, 
SAND  89-0442,  Sandia  National  laboratories,  Albuquerque,  N.M. 

Madden,  R.  (1967).  The  Application  of  the  Method  of  Characteristics  in  Three  Independent  Variables  to 
the  Hypcrvelocity  Impact  Problem.  Ph.D.  dissertation.  Dept,  of  Engineering  Mechanics,  Virginia 
Polytechnic  Institute. 

Maiden,  C.  L.  (1963).  Experimental  and  Theoretical  Results  Concerning  the  Protective  Ability  of  a  Thin 
Shield  Against  Hypcrvelocity  Projectile.  Sixth  Symposium  on  Hypcrvelocity  Impact,  Vol.  Ill,  pp. 
70-156. 

Piekutowski,  A.  J.  (1987).  Debris  Clouds  Generated  by  Hypcrvelocity  Impact  of  Cylindrical  Projectile 
with  Thin  Aluminum  Plates.  Int.  J.  of  Impact  Eng.,  Vol.  5,  the  1986  Hypcrvelocity  Impact 
Symposium,  pp.  509-518. 

Piekutowski,  A.  J.  (1990).  A  Simple  Dynamic  Model  for  the  Formation  of  Debris  Cloud.  Int.  J.  of 
Impact  Eng.,  Vol.  10,  the  1989  Hypcrvelocity  Impact  Symposium,  pp.  453-471. 

Richardson,  A.  J.  (1969).  Theoretical  Penetration  Mechanics  of  Multisheet  Structures  Based  on  Discrete 
Debris  Particle  Modelling.  Paper  no.  69-371,  Hypcrvelocity  Impact  Conference,  Cincinnati,  Ohio. 
Swift,  H.  F.,  R.  Bamford,  and  R.Chcn  (1982).  Designing  Dual-Plate  Meteoroid  Shields  -  A  New 
Analysis.  JPL  publication  no.  82-39,  Jet  Propulsion  Laboratory,  Pasadena,  California. 

Trucano,  T.,  D.  E.  Grady,  and  J.  M.McGlaun  (1990).  Fragmentation  Statistics  from  Eulerian  Hydrocode 
Calculations.  Int.  J.  of  Impact  Eng.,  Vol.  10,  the  1989  Hypcrvelocity  Impact  Symposium,  pp.  587- 
600. 


hit.  J.  InipiHi  Vt)i.!4.  pp.863  875.  1993 

Primed  in  Great  Britain 


0734-743X/93  S6.(K)  +  0.00 
1993  Pergamon  Press  Ltd 


EXPERIMENTAL  AND  ANALYTICAL  STUDY  OF  EARLY  TIME  MATERIAL 
PROCESSING,  IN  A  COLLAPSING  SHAPED  -  CHARGE  LINER,  USING 
"SOFTLY  -  RECOVERED"  PARTIALLY  -  COLLAPSED  COPPER  LINERS 

Dr.  L.  Zemow  (1)*,  Dr.  E.  J.  Chapyak  (2) 

(1)  Zemow  Technical  Services  Inc.,  San  Dimas,  CA 
(2)  Los  Alamos  National  Laboratory,  Los  Alamos,  NM 


ABSTRACT 

It  is  not  yet  clear  what  detailed  deformation  mechanisms  enable  copper  shaped  charge  jets 
to  exhibit  the  extraordinarily  high  ductility,  which  characterizes  their  dynamic  behavior. 
The  study  described  in  this  paper  seeks  to  find  some  of  these  answers,  by  stopping  the 
liner  collapse  process  at  various  intermediate  stages,  and  examining  the  grain  structures 
in  the  partially  collapsed  liners. 

Well  characterized  OFE  copper  shaped-charge  liners,  assembled  into  a  cylindrical 
polycarbonate  case,  of  constant  length  and  volume,  were  partially  collapsed,  with  reduced- 
weight  cylindrical  explosive  charges.  A  series  of  increasing  explosive  charge  weights 
were  used  to  obtain  progressively  greater  partial  deformations  on  individual  copper 
liners.  The  shock  waves  from  the  varying  length  explosive  charges  were  coupled  to  the 
copper  liners  through  intermediate  water  fill,  which  was  in  direct  contact  with  the  rear  of 
the  liners. 

The  series  of  partially  collapsed  copper  liners  was  captured  by  "soft  recovery"  in  low 
density  polystyrene.  Flash  radiography  prior  to  liner  recovery,  confirmed  that  the 
unexpected  shapes  of  the  recovered  partially  collapsed  liners,  actually  existed  prior  to 
their  entering  the  recovery  medium  and  were  not  the  result  of  the  recovery  process  itself. 
This  was  an  early  concern  when  the  unusual  shapes  of  the  recovered  liners  were  first  seen. 

These  shapes  were  also  independently  confirmed  by  a  series  of  computations  at  Los 
Alamos  National  Laboratory,  using  MESA  2D. 

A  comparison  of  the  photomicrographs  of  undeformed  virgin  copper  liners  and  the  series 
of  partially  collapsed  liners,  shows  regions  on  the  inner  apex  near  the  liner  axis  where 
plastic  flow  has  occurred,  with  very  substantial  modifications  (refinement  and  elongation) 
in  grain  structure  even  for  the  small  deformations  which  barely  change  the  overall  liner 
shape. 

Time  dependent  strain  and  strain  rate  compulations,  using  LaGrangean  tracer  markers, 
indicate  very  large  strain  rales,  between  3xl0^/scc.  and  4.7xl0^/sec.  in  those  regions 
with  plastic  flow  where  grain  refinement  and  elongation  are  seen,  even  with  very  small 
overall  deformation. 

It  is  believed  likely  that  this  early  time  material  processing  and  grain  refinement,  arising 
from  the  localized  plastic  deformation  of  the  liner,  plays  a  key  role  in  preparing  the  liner 
material  structure,  so  that  it  can  exhibit  the  high  dynamic  ductility,  characteristic  of 
copper  shaped-charge  jets. 
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INTRODUCTION 

Although  it  has  been  known  for  well  over  fifty  years  that  the  copper  in  a  shaped  charge  jet 
exhibits  extraordinarily  high  dynamic  ductility,  the  detailed  physical  mechanisms,  based 
on  sound  fundamental  physical  models,  which  can  quantitatively  account  for  this 
phenomenon  are  not  presently  well  understood,  despite  the  fact  that  specific  aspects  of 
the  problem  have  been  extensively  studied.  The  possible  role  of  material  strength  and 
work  hardening  as  well  as  the  existence  of  a  critical  preferred  disturbance  wave  length, 
which  "grows  faster  than  all  others"  thereby  determining  the  average  jet  particle  length 
after  jet  particulation,  has  been  studied  by  Chou,  et  al  (Ref.  1,  2).  Scaling  analysis  has 
been  studied  by  Walsh  (Ref.  3).  Instability  criteria  have  been  analyzed  by  Curtis  (Ref.  4) 
and  Pack  (Ref.  5).  Romero  (Ref.  6a.  6b)  has  developed  a  stability  parameter  (L)  which 
involves  the  ratio  of  inertial  and  plastic  forces  in  the  stretching  jet.  Very  recently. 
Brown,  Curtis  and  Cook  (Ref.  7)  have  reexamined  the  role  of  asymmetry,  which  can  also 
affect  the  particulation  process  by  accelerating  it. 

The  copper  jet  which  is  formed  when  a  typical  uniform  walled  copper  liner  is  collapsed  by 
an  explosive  charge  (e.g.  in  a  VIPER  warhead),  displays  an  approximately  linear  velocity 
gradient,  with  the  front  end  of  the  jet  moving  at  a  velocity  in  excess  of  9  km/sec  and  the 
rear  of  the  jet  moving  at  a  velocity  of  about  2-3  km/sec.  Under  the  action  of  this  linear 
velocity  gradient,  the  jet  which  remains  in  the  solid  plastic  state,  stretches  like  taffy, 
until  it  eventually  particulates.  The  particulation  process,  which  is  preceded  by  quasi 
periodic  ductile  necking  along  the  length  of  the  stretching  jet.  defines  the  ductility  limit 
by  defining  the  maximum  strain  prior  to  fracture.  Experimental  observations  of  this 
stretching  and  particulation  process,  obtained  by  means  of  flash  x-ray  observations, 
indicate  that  a  conservative  estimate  of  the  approximate  average  strain,  at  the  time  of 
fracture,  can  be  higher  than  10.  This  corresponds  to  1000%  strain.  The  approximate 
average  strain  is  defined  here  as: 

A.L  =  L  ~  La 

Lo  Lq 

where  A  L  =  approximate  average  strain 
Lq 

L  =  length  of  the  continuous  jet  at  the  start 
of  particulation 

Lg  =  length  of  the  cone  clement  (slant  height  of 
the  cone)  from  which  the  jet  was  formed 

A  L  =  change  in  length  =  (L  -  Lg  )  of  the  cone 
element  from  which  the  jet  was  formed 

The  observed  dynamic  ductility  of  the  copper  in  the  jet  is  therefore  clearly  in  the 
superplastic  range. 

OVERVIEW  OF  SIGNIFICANT  FACTORS 

There  arc  several  factors,  both  physical  and  geometrical,  which  can  be  immediately 
recognized  as  playing  a  potentially  significant  role  in  supporting  and  stabilizing  such  a 
high  dynamic  ductility.  The  elevated  jet  temperature  and  its  effect  upon  the  yield 
strength  is  clearly  one  of  the  physical  factors  that  can  affect  the  ductility  (Ref.  8).  The 
precision  and  uniformity  of  the  liner  wall  thickness,  as  well  as  the  coaxial  symmetry  of 
the  liner,  the  explosive  charge  and  the  charge  ca.se,  arc  typical  of  the  geometrical  factors 
which  can  .>cparalcly  affect  the'  stability  of  the  stretching  process  (Ref.  7). 
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There  are  many  other  more  subtle  factors  which  can  also  be  seen  as  potential  contributors 
(positive  and  negative)  to  the  ductility  limits.  These  would  include  the  strain-hardening 
and  strain-rate  hardening  properties  of  the  copper  which  interact  with  the  thermal 
softening  properties  (Ref.  9). 

It  is  also  suspected  that  the  incidence  of  deformation  induced  porosity  in  the  stretching 
jet  (Ref.  10)  especially  in  the  necking  regions,  can  also  play  a  role  in  affecting  how  long 
the  ductile  stretching  is  maintained  before  fracture  (particulation).  The  effect  of 
dynamically  introduced  porosity  on  the  particulation  process  is  currently  being  examined 
computationally  in  another  separate  study  (Ref.  11). 

Finally,  there  has  been  continued  wide  ranging  speculation  regarding  the  physical  source 
of  the  perturbations  which  result  in  the  quasi  periodic  localized  necking  process.  These 
perturbations  and  their  growth  ultimately  define  the  stability  and  particulation  of  the 
stretching  jet,  and  therefore  the  observed  ductility  limit,  even  in  the  absence  of 
geometrical  asymmetries.  Compressibility  effects  and  surface  imperfections  (e.g. 
machining  marks)  on  the  liner  have  been  among  the  factors  mentioned. 

There  have  been  preliminary  attempts  (Ref.  12)  to  account  for  the  superplastic  behavior  of 
the  copper  jet  by  invoking  the  process  known  as  dynamic  recrystallization  This  is  a 
strain  rate  sensitive  process,  which  at  sufficiently  high  strain  rates,  results  in  dynamic 
grain  refinement,  which  may  lead  to  the  fine  grain  sizes  normally  associated  with 
superplastic  behavior.  However,  the  attempts  at  the  quantitative  application  of  this 

mechanism  to  the  analysis  of  the  ductility  of  copper  jets  has  so  far  not  adequately 
accounted  for  the  ductile  behavior  of  these  jets.  Nevertheless,  the  concept  itself  is  very 
attractive  and  warrants  additional  study.  Part  of  the  problem  in  evaluating  such  a  model, 
is  the  previously  unsuspected  complexity  of  the  material  flow  from  the  liner  to  the  jet, 
which  has  recently  been  shown  to  exhibit  large  time  dependent  radial  gradients  of  strain 
and  strain  rate  (Ref.  13)  as  well  as  time  dependent  radial  gradients  of  temperature  (Ref. 
8). 

It  is  therefore  evident  that  the  current  state  of  knowledge  still  does  not  provide  a 
quantitative  basis  for  a  thorough  understanding  of  the  interacting  combination  of  physical 
and  geometrical  mechanisms  that  permit  the  copper  to  undergo  such  large  stable 
superplastic  strains,  in  a  shaped  charge  jet.  before  particulation.  Qualitatively,  the 

geometrical  contribution  of  charge  and  liner  symmetry  to  the  jet  stability  is  easiest  to 

understand.  The  more  difficult  problem  resides  in  the  details  involving  the  other 

physical  mechanisms. 


MOTIVATION  FOR  THE  PRESENT  STUDY 

It  is  very  difficult  to  experimentally  obtain  time  resolved  dynamic  information  regarding 
the  changing  grain  structure  of  the  liner,  as  it  is  accelerated  and  deformed  by  the 
explosive  charge,  and  ultimately  flows  into  and  out  of  the  collision  zone  (stagnation 
region).  It  is  even  more  difficult  to  experimentally  obtain  the  time-dependent  grain 
structure  information  as  the  flow  leaves  the  stagnation  region,  dividing  itself  between  the 
jet  and  the  slug.  These  diverging  flows  are  moving  in  directions  180®  apart,  in  the  moving 
collision  point  coordinate  system. 


Some  details  of  this  complex  flow  (such  as  mass  motion  and  temperature)  can  be  accessed 
computationally  (Ref.  13)  but  the  2D  axially  symmetric  computational  analysis  presently 
provides  no  information  regarding  the  transient  time-dependent  grain  structure.:  It 
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should  be  noted  however  that  work  at  Los  Alamos  (Ref.  14)  holds  out  the  hope  that  at  some 
future  time,  it  might  be  possible  to  model  some  aspects  of  that  part  of  the  problem,  related 
to  the  plastic  deformation  of  a  polycrystalline  structure,  in  which  the  individual  grain 

orientations  are  considered  in  order  to  provide  information  on  the  texture,  before  and 

after  deformation. 

In  view  of  these  difficulties,  it  appeared  that  any  attempt  to  obtain  even  partial  and 

approximate  time-dependent  grain  structure  information,  could  be  beneficial.  In  thinking 

about  this  problem,  the  writer  recalled  some  very  early  work  he  had  done  in  the  1940's 
with  S.  Kronman,  at  the  BRL  (Ref.  15)  in  which  copper  shaped  charge  liners  were  partially 
collapsed  by  means  of  reduced  mass  explosive  charges  whose  shock  waves  were  attenuated 
and  coupled  to  the  liner  through  a  water  medium.  The  deformed  liners  were  subsequently 
recovered  in  water.  Increasing  the  mass  of  the  explosive  charge,  permitted  the  partial 
collapse  process  to  go  progressively  further  until  a  set  of  liners  was  collected,  displaying 
a  wide  range  of  deformations,  which  included  the  early  collapse  as  well  as  the  jetting  and 
slug  formation  process. 

These  recovered  liners  were  cut  in  half  along  the  cone  axis  and  mounted  on  a  display 
board,  which  still  exists  today  at  BRL,(now  ARL)  as  a  matter  of  historical  record.  They 
were  regarded  for  many  years  as  interesting  trophies  which  illustrated  the  nature  of  the 
shaped  charge  collapse  process  (Ref.  16)  but,  to  the  knowledge  of  the  authors,  partially 
collapsed  liners  were  never  studied  quantitatively. 

The  partially  collapsed  liners  could  reasonably  be  regarded  as  approximate  snapshots  of 
the  geometry  of  the  progressive  collapse  process.  It  would  however,  not  be  reasonable  to 
assume  that  the  microstructure  of  the  copper  grains  in  those  liners,  truly  reflected  the 
instantaneous  grain  structure  in  the  collapsed  liner,  at  the  time  corresponding  to  the  state 
of  partial  deformation  in  the  recovered  liner.  However,  despite  this  caveat,  it  was  natural 
to  contemplate  what  the  deformed  microstructure  might  show,  especially  in  comparison 
with  the  original  microstructure  in  the  virgin  unfired  liner.  It  was  this  line  of  thinking 
that  led  to  the  experiments  which  are  described  in  this  paper. 


SUCCESSIVE  STEPS  IN  THE  DEFORMATION  PROCESSING  OF  THE  LINER  MATERIAL 
DURING  LINER  COLLAPSE  AND  JET  AND  SLUG  FORMATION 

In  order  to  help  understand  how  and  why  the  initial  material  properties  of  the  shaped 
charge  liner  can  influence  the  jet  formation  process,  it  is  illuminating  to  consider  a 

simplified  view  of  how  the  liner  material  is  being  processed  by  shocks  and  by  the  severe 
plastic  deformation  during  the  liner  collapse  and  jet  formation  process.  The 
simplification  involves  ignoring  the  known  radial  variations  in  strain  and  strain  rate 

discussed  in  Ref.  13.  We  will  use  the  collision  point  coordinate  system  shown  in  Fig.  lA 

for  this  discussion.  We  will  discuss  primarily  the  processes  pertinent  to  the  partial 

collapse  situation  and  will  omit  the  details  of  the  jet  stretching  and  particulation  process. 

( 1 )  As  the  explosive  detonation  proceeds,  the  liner  is  impacted  obliquely  by  a 

detonation  wave  of  300-400  Kb  amplitude.  This  initial  interaction  immediately  results  in 
shock  heating  of  the  liner  and  probably  in  the  generation  of  numerous  new  dislocation 
sources  and  other  structural  defects,  including  twinning,  stacking  faults  and  possibly 
reduction  of  the  initial  grain  size.  The  shocks  induced  in  the  liner  material  cause  the 
heated  liner  material  to  bend  toward  the  axis,  and  they  can  continue  to  generate  high 
speed  intersecting  dislocations,  leaving  behind  vacancies  and  other  crystal  lattice  defects, 
as  a  consequence  of  the  material  deformation. 
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(2)  The  initial  shock  wave  compression  and  shear  stress  causes  shock  heating  of  the 
liner  material,  and  can  drive  it  momentarily  to  temperatures  higher  than  600°C.  As  the 
shock  pressure  in  the  liner  material  decays,  the  material  temperature  falls  to  a  lower 
residual  temperature,  which  for  copper,  may  be  several  hundred  degrees  lower  than  the 
initial  shocked  temperature,  when  the  pressure  has  fallen  to  ambient  atmospheric 
pressure. 

(3)  Under  the  impulsive  loading  provided  by  the  detonating  explosive,  at  pressure 
levels  well  beyond  the  yield  strength  of  the  liner  material,  it  flows  radially  inward  in  a 
nearly  hydrodynamic  mode  (see  Ref.  17),  undergoing  increasing  compression  and  shear 
deformation  as  it  approaches  the  symmetry  axis.  This  plastic  deformation  work  causes  the 
temperature  of  the  liner  material  to  increase  again.  In  work  hardening  liner  materials, 
like  copper,  this  deformation  can  also  induce  work  hardening,  but  the  temperature 
increases  also  encourage  thermal  annealing  of  the  induced  lattice  defects.  Both  processes 
can  occur  competitively. 

(4)  When  the  flowing  liner  material  enters  the  collision  zone,  it  undergoes  further 

compression  as  well  as  a  very  drastic  additional  change  of  flow  direction  and  very  severe 
additional  plastic  deformation  resulting  in  still  more  heating.  It  is  believed  that  here,  on 
the  axis  in  the  collision  zone,  is  where  the  liner  material  attains  its  maximum 
temperature,  which  may  be  in  the  range  of  800®C  for  a  copper  liner  like  the  one  in  the 
VIPER  charge.  Most  of  the  liner  material  originating  in  approximately  the  outer  15%  of 
the  liner  thickness,  goes  into  the  slug  and  the  remaining  liner  material  coming  from  the 
inner  thickness  region  of  the  liner,  goes  into  the  jet.  This  drastic  divergence  of  the  flow 
occurs  close  to  the  collision  point  and  will  be  shown  later  in  this  paper  to  result  in 

enormous  localized  strains  and  strain  rates. 

One  might  also  imagine  that  for  some  liner  materials,  the  temperature  rise  in  the 
collision  zone  might  be  high  enough  to  momentarily  melt  the  liner  material  which  might 
quickly  resolidify  as  it  left  the  collision  zone.  However,  this  seems  relatively  unlikely, 
on  the  basis  of  homogeneous  heating  computations,  (Ref.  8)  since  the  pressure  in  the 
collision  zone  is  also  very  high.  This  would  inhibit  the  melting  process  by  substantially 
increasing  the  melting  point  by  several  hundred  degrees  C.  There  is  both  direct  and 

indirect  evidence  that  for  materials  like  copper,  the  jet  itself  is  essentially  a  plastically 
deforming  crystalline  solid.  There  has  been  no  convincing  evidence  obtained  so  far  to 

suggest  even  momentary  melting  in  the  collision  zone  (Ref.8)  on  the  basis  of  homogeneous 
plastic  deformation,  although  this  conclusion  awaits  a  moic  detailed  examination  of  the 

microcrystalline  region  and  central  hole  often  found  at  the  center  of  recovered  copper  jet 
particles  (Ref.  18)  and  a  reexamination  of  the  SESAME  table  for  copper  at  lower 
temperatures  and  pressures,  since  this  table  was  used  in  the  computational  analysis  of  the 
temperature  distribution  in  the  jet.  There  is  also  the  possibility  of  attaining  higher 
localized  temperatures  on  slip  bands,  if  the  deformation  energy  is  distributed 
inhomogeneously  (Ref.l9). 

(5)  The  nature  of  the  flow  of  liner  material  into  the  jet  from  a  conical  liner  with  a 

uniform  wall  thickness  imparts  a  roughly  linear  average  velocity  gradient  along  the  jet, 

with  the  forward  portion  of  the  jet  moving  faster  than  the  rearward  portion.  The  jet 
therefore  continues  to  stretch  plastically,  like  taffy,  with  its  local  diameter  decreasing  as 
the  jet  length  increases.  The  plastic  deformation  work  continues  to  be  put  into  the 
stretching  jet  until  just  before  the  particulation  process  is  completed.  It  is  known  that 
there  are  radial  thermal  gradients  across  the  jet  diameter,  as  well  as  along  the  jet  length 

(Ref.8).  There  is  also  reason  to  believe  that  a  large  amount  of  microscopic  porosity  is 

being  generated  in  the  dynamically  stretching  jet  material.  Such  a  mechanism  is  needed  to 
explain  at  least  a  part  of  the  reduced  material  densities  seen  in  flash  x-rays  of  the  jet 

prior  to  particulation  (Ref.20.21,22).  The  temperature  rise  is  clearly  far  too  small  to 
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explain  the  15%-50%  density  reductions  which  are  observed  radiographically  in  the 
stretching  continuous  jet  and  in  certain  EFP  observations. 

The  purpose  of  this  relatively  detailed  review  of  the  early  thermal  and  deformation 
history  during  the  formation  of  the  jet  and  slug,  is  to  indicate  the  overall  nature  of  the 
changing  environment  to  which  the  liner  material  has  been  exposed  during  jet  formation. 
It  provides  an  initial  physical  basis  for  interpretation  of  any  information  that  can  be 
extracted  from  a  sophisticated  and  microstructural  examination  of  jet  particles  captured 
by  soft  recovery,  (Ref.  8)  for  comparison  with  the  original  liner  material  from  which  the 
jet  was  formed.  Similarly,  it  is  useful  for  interpretation  of  the  microstructural 
examination  of  recovered  partially  collapsed  liners,  and  their  comparison  with  the  virgin 
liner  material  in  the  unfired  liner. 


THE  OVERALL  PROGRAM  PLAN 


General 

Experimental  The  program  plan  consisted  of  an  experimental  phase  and  an  analytical 
phase.  In  the  experimental  phase,  the  initial  virgin  liners  were  carefully  characterized  in 
order  to  provide  a  baseline  for  comparison.  The  partially  collapsed  liners  were  "softly 

recovered"  in  low  density  polystyrene  <i-2  PCF).  sectioned  and  compared  with  the  virgin 
liners. 

Analytical  In  the  analytical  phase,  the  partial  collapse  experiments  were  examined 

computationally,  using  the  MESA  2D  Eulerian  Code.  The  liner  deformations  which  were 
predicted  by  the  computations  were  compared  with  the  observed  deformations  on  the 
recovered  liners.  It  should  be  noted  that  the  computation  did  not  attempt  to  resolve  the 
time-dependent  shock  reverberation  history  within  the  liner  walls. 

Specific  Experimental  Details 

The  shaped  charge  design  selected  for  this  partial  collapse  study  is  shown  in  Fig.2  and 
used  a  copper  liner  (OFE  ClOlOO).  It  was  selected  for  numerous  reasons,  including  the 
fact  that  this  was  the  charge  design  used  in  the  jet  particle  recovery  experiments  and  the 
MESA  2D  computation  for  the  fully  loaded  charge  had  already  been  carried  out  in 
connection  with  the  ongoing  work  on  jet  particle  recovery  (Ref.8).  This  simplified  the  set 
up  for  the  computation  of  the  reduced  charge  experiments,  since  all  of  the  charge 
description  parameters  were  already  available  and  only  the  variable  explosive  charge 
description  needed  to  be  added.  In  addition,  the  characterization  of  the  structure  of  the 
virgin  unfired  liners  was  also  being  carried  out  in  connection  with  the  jet  particle 

recovery  program  (Ref.23).  It  was  also  helpful  that  the  charge  was  of  the  proper  size 
(33.3mm  cone  diameter)  to  make  the  flash  x-ray  observation  and  the  "soft  recovery" 

process  easy  to  carry  out,  without  modifying  existing  experimental  set-ups.  Finally,  the 
requirements  for  metallurgical  specimen  preparation  and  examination  were  essentially 
identical  and  complementary  to  those  being  applied  to  the  remainder  of  the  jet  particle 
recovery  work. 

The  experimental  set-up  is  shown  in  Fig.  3.  The  recovery  medium  was  24"  in  front  of  the 
charge.  Flash  x-ray  was  used  to  ascertain  the  configurations  of  the  partially  collapsed 
liner,  prior  to  the  time  that  it  entered  the  recovery  medium,  which  was  a  stack  of  low 
density  polystyrene  sheets(l-2  PCF),  12"  x  12"  x  1/2"  thick. 
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The  flash  x-ray  observations  turned  out  to  be  a  very  significant  experimental  addition, 
since  the  shapes  of  the  recovered  partially  collapsed  liners  were  completely  unexpected 
and  were  initially  considered  to  be  possibly  deformed  by  interactions  with  the  low 
density  recovery  medium.  The  availability  of  the  flash  radio-graphs  however,  clearly 
indicated  that  the  recovered  partially  collapsed  liner  shapes  were  essentially  identical  to 
those  seen  in  the  flash  radiographs,  prior  to  their  entry  into  the  recovery  medium.  This 
conclusion  was  independently  supported  by  the  computational  analysis,  which  will  be 
discussed  in  more  detail  later. 

Computational  Approach 

The  computational  approach  involved  the  use  of  MESA  2D,  an  Eulerian  Code  which  has 
already  been  used  quite  successfully  at  LANL  (Ref.24)  for  shaped-charge  studies  and  in 
earlier  portions  of  this  program  for  jet  temperature  studies  (Ref.8).  The  copper  was 
treated  as  an  elastic  perfectly  plastic  solid  with  a  4.5  Kb  yield  stress.  The  Los  Alamos 
tabular  equation  of  state  SESAME,  was  used  for  the  copper  and  the  standard  JWL  equation 
of  state  for  the  H.E.  The  computations  were  carried  out  until  plastic  deformation  ceased 
and  the  residual  motion  of  the  partially  collapsed  liner  consisted  essentially  of 
translation  of  the  center  of  mass. 


THE  EXPERIMENTAL  DETAILS 

The  series  of  progressively  increasing  explosive  charges,  which  were  used  to  generate 
increasingly  larger  degrees  of  partial  cone  collapse,  are  described  in  Table  1.  These 
charges  were  placed  at  the  rear  of  the  interior  body  volume,  as  shown  in  Fig. 2.  The 
remaining  volume,  between  the  charge  and  the  liner,  was  filled  with  water.  By  carefully 
inserting  the  detonator  holder  with  the  attached  charge  into  the  plastic  body,  excess  water 

could  be  squeezed  out  around  the  rim  of  the  detonator  holder  leaving  a  bubble  free  water 

fill,  in  contact  with  the  liner,  most  of  the  time.  Occasionally,  a  few  small  bubbles  would 

form  near  the  base  of  the  liner  as  a  result  of  chemical  reaction  of  the  water  with  the  epoxy 

cement  used  to  seal  the  liner  in  the  body.  Most  of  the  modest  asymmetry  seen  in  some  of 
the  partially  collapsed  liners  with  the  larger  explosive  charges,  can  be  attributed  to  these 
bubbles  in  the  water,  since  the  charges  were  all  fired  horizontally  and  the  bubbles 
therefore  floated  to  the  upper  side  of  the  charge. 


EXPERIMENTAL  RESULTS 


General 

The  experimental  results  are  divided  into  three  parts.  The  first  part  contains  the  data 
which  characterizes  the  initial  virgin  liners,  which  were  fabricated  by  a  forging  process. 
The  second  part  contains  the  data  describing  the  geometrical  configurations  of  the  series 
of  partially  collapsed  liners.  The  third  part  contains  the  data  comparing  the  structure  in 
the  partially  collapsed  liners,  with  the  original  structure  in  the  virgin  unfired  liners. 

Characterization  of  the  Original  Virgin  Liners 

The  original  liners  were  fabricated  by  a  cold  forging  operation,  using  conical  dies  and  a 
cylindrical  work  piece,  beveled  at  the  front.  As  a  consequence,  the  portion  of  the  liner 
which  ultimately  formed  the  apex  of  the  liner,  was  less  severely  cold  worked  than  the 
portion  forming  the  remainder  of  the  cone.  Subsequent  heat  treatment  of  the  forged  liners. 
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was  nominally  designed  to  provide  both  fine  grain  liners  and  coarse  grain  liners.  All 

liners  were  machined  to  final  dimension  after  heat  treatment. 

The  large  variations  in  the  degree  of  cold  work  between  the  apex  and  the  remainder  of  the 
liner  which  are  characteristic  of  this  particular  fabrication  process,  tended  to  obscure  the 
effects  of  the  heat  treatment.  As  a  result,  it  can  be  seen  in  Figs.  4  and  5  that  while 
differences  in  grain  size  between  the  nominal  fine  and  coarse  grain  liners  are  evident, 
they  were  much  smaller  than  had  been  expected.  In  addition,  the  variation  from  apex  to 
base  on  both  the  fine  and  coarse  liners  was  quite  large,  with  the  tower  portions  near  the 
base  showing  a  small  grain  size  and  the  upper  portions  nearer  the  apex  showing  a  larger 
grain  size,  in  both  cases.  However,  the  grain  sizes  in  the  upper  regions  of  the  "coarse" 
liners  are  only  very  slightly  larger  than  in  the  corresponding  locations  on  the  "fine" 
liners,  as  can  be  seen  from  Fig.  4.  In  specific  cases,  however,  where  these  observations 

concentrated  at  the  apex,  were  repeated  on  new  liners  from  the  same  batch,  the  average 

grain  sizes  through  the  apex  region  were  indistinguishable  between  the  "fine"  and  the 
"coarse"  liners,  as  shown  in  Fig.4a,  For  the  purpose  of  this  paper,  they  will  be  considered 
to  be  indistinguishable  through  the  apex  region. 

This  particular  characteristic  of  the  large  grains  in  the  structure  near  tne  apex  of  both 

the  "fine"  and  "coarse"  liners  provided  an  unexpected  advantage,  in  assisting  in  the 
interpretation  of  the  partially  collapsed  liner  structures,  because  it  provided  a  basis  for 
separating  the  contribution  of  the  shock  wave  from  the  contributions  of  the  plastic 

deformation  in  causing  visible  changes  in  the  grain  structure.  This  will  be  discussed 

later,  in  more  detail. 

Experimental  Details  and  Recovered  Liner  Identification 

There  were  eight  partial  collapse  experiments.  Table  II  summarizes  the  individual 
identification  numbers  assigned  to  each  of  the  eight  recovered  liners  and  the  conditions  of 
the  experiment. 

Structure  Observed  in  the  Partially  Collap.sed  Liners 

Macroscopic  Examination  In  macroscopically  examining  the  first  two  partially  collapsed 
liners  shown  in  Fig.  6,  at  3x,  the  overall  degree  of  deformation  is  seen  to  be  relatively 
small  in  both  cases.  Liner  IF,  collapsed  with  the  3.3  gram  charge  of  Detasheet,  as 

expected,  showed  a  smaller  degree  of  deformation  than  liner  2F.  which  was  subjected  to  a 

7.5  gram  charge.  Both  showed  observable  thickening  deformation  and  optical  reflectivity 
changes  on  the  polished  section,  in  the  apex  region.  They  showed  minor  deformation  along 
the  sides.  The  polished  cross  sections  of  t'  ese  two  recovered  liners  which  are  shown  in 
Fig.  6.  reveal  the  reflectivity  changes  in  the  deformed  region  near  the  inner  apex.  Liner 

8C.  shown  in  Fig.  7,  was  also  collapsed  with  7.5  grams  of  Detasheet.  in  the  same  way  as 
liner  2F.  8C  clearly  shows  the  start  of  a  jet  at  the  inner  apex.  Fig.  8  shows  interior  views 
of  the  inner  apex  region  of  recovered  liners  2F  and  8C  at  about  12x  magnification,  prior  to 
sectioning.  Both  .show  evidence  of  significant  apex  thickening  and  the  start-up  of  the 

jetting  process.  Liner  2F,  the  "finer"  grained  liner  shows  a  smoother  interior  deformation 
surface  than  liner  8C,  the  "coarser"  grained  liner.  Both  show  radial  structures  in  the 

jetting  start-up  region,  which  arc  believed  to  be  caused  by  compression  folding 
instabilities  which  might  occur  more  readily  at  the  lower  strain  rates  characteristic  of  a 

partial  coIlap.se  process.  Both  also  show  circumferential  circular  structures  which  appear 
to  be  related  to  the  machining  marks  on  the  liner. 


Siud>  o!  panially-collapscd  shaped -chaii'c  iineis 


H7I 


Microscopic  Examination  of  Liner  8C  which  was  Collapsed  with  the  Same  7,5  Gram  Charge 
as  Liner  2F  When  the  apex  region  on  collapsed  liner  8C  is  examined  at  50x  magnification 
as  shown  in  Fig.  9,  an  extremely  interesting  observation  can  be  made,  which  reveals  a 
transition  in  grain  structure  from  the  initially  undisturbed  grains  in  the  outer  rear  of  the 
apex  region,  to  the  deformed  interior  grains  of  the  lower  apex  region,  at  the  bottom  of 

which  the  jetting  process  has  started,  and  an  emerging  jet  can  be  seen.  The  significance  of 
this  observatiof.  can  be  found  in  the  fact  that  outwardly,  the  shock  wave  does  not  appear  to 
have  affected  the  appearance  of  the  original  grain  structure,  except  in  tho.se  regions  in 

which  plastic  deformation  and  flow  has  occurred,  as  shown  by  the  reflectivity  change.  In 

those  deformed  apex  regions,  below  the  outer  apex  and  near  the  inner  apex,  the  grains 

have  clearly  been  elongated  and  severely  distorted,  as  the  plastic  flow  converged  toward 
the  axis,  eventually  generating  the  jet,  seen  in  Fig.  9. 

The  unchanged  outward  appearance  of  the  larger  rear  grains,  which  do  not  appear  to  have 
been  disturbed  by  the  shock  wave  passage,  only  means  that  at  this  shock  pressure  level, 
there  are  no  optically  visible  effects  of  the  .shock  wave,  but  there  may  very  well  have  been 
dislocations,  vacancies  and  other  defects  introduced,  which  would  require  s^'-'^ial  TEM 
techniques  to  be  identified. 

Microscopic  Examination  of  Liner  IF  In  view  of  the  observations  in  liner  8C.  discussed 
above,  the  photo-micrographs  for  liner  IF  were  reexamined  to  determine  if  a  similar  grain 
structure  modification  and  transition  had  occurred  with  the  reduced  3.3  gram  charge. 
Fig.  10  shows  that  there  was  indeed  a  similar  transition,  but  because  the  degree  of  plastic 
flow  was  smaller  in  liner  IF,  the  change:  in  the  smaller  deformed  inner  apex  region  were 
primarily  in  grain  size.  The  plastic  flow  contours  are  just  beginning  to  become  visible 
near  the  inner  apex  region.  The  macrophotographs  shown  in  Fig.  6  also  show  only  small 
regions  near  the  inner  apex  on  liner  IF,  in  which  there  were  noticeable  reflectivity 
changes  which  define  the  plastic  flow  region.  The  corresponding  reflectivity  changes  on 
liner  8C,  in  the  inner  apex  region,  were  much  larger  and  more  pronounced. 

Macroscopic  and  Microscopic  Examination  of  More  Heavily  Deformed  Partially  Collapsed 
Liners  It  was  now  useful  to  examine  the  partially  collapsed  liners  deformed  with  still 
larger  explosive  charges  (14.4  grams  and  21.4  grams  of  C-4  respectively).  The  first  is 
almost  twice  as  large  as  the  charge  used  on  liners  2C  and  8C.  The  second  is  almost  three 
times  as  large. 

Fig.  11  shows  the  macroscopic  longitudinal  cross  sections  of  such  partially  collapsed 
liners  after  cutting,  polishing  and  etching.  Liner  3C  (14.4  gram  charge)  shows  the 
unusual  "sombrero"  configuration  and  liners  4C  and  .“iF  (21.4  gram  charge)  show  the  liner 
folded  back  toward  the  slug.  As  noted  earlier,  it  was  verified  by  flash  x-ray  that  these 
unexpected  odd  shapes  existed  prior  to  soft  recovery  in  the  polystyrene. 

The  severely  deformed  region  on  the  axis  of  the  slug  in  liner  3C  (Fig.  11)  again  shows  the 
typical  reflectivity  changes  characterizing  the  new  grain  structure  that  exists  in  the 
region  of  severe  plastic  flow.  The  forward  end  (marked  JET)  shows  what  remained  of  the 
rear  portion  of  the  jet  that  was  still  attached  to  the  slug  after  recovery.  This  will  be 
di.scu.ssed  in  the  computational  analysis. 

The  cross  section  of  liner  6F  (Fig. 11)  which  was  collapsed  with  the  largest  charge  used 
(27.6  grams)  shows  an  almost  conventional  slug,  with  the  remainder  of  the  liner  which  did 
not  participate  in  the  jetting  process,  folded  back  and  still  attached  to  the  slug.  The 
reflectivity  changes  have  now  extended  to  the  forward  jetting  end.  in  the  region  that  is 
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normally  fully  detached  from  the  slug,  when  the  liner  undergoes  cone  collapse  driven  bv  a 
full  explosive  charge. 

The  microscopic  examination  of  the  rear  of  the  liner  3C.  in  the  region  where  the  outer  apex 
was  originally  located,  is  shown  in  Fig.  12.  This  again  showed  a  region  at  the  upper  outer 
apex,  which  retained  the  large  grain  structure  seen  in  that  region  in  the  virgin  unfired 
liners.  This  again  indicates  that  the  major  optically  observed  grain  structure 
modification  occurs  primarily  in  the  regions  where  plastic  flow  has  occurred.  The  passage 
of  the  shock  wave  through  the  outer  apex  has  now.  however,  begun  to  leave  the  larger 
grains  at  the  rear  with  the  first  evidence  of  slip  bands  and  twinning. 

The  forward  region  containing  the  residual  rear  of  the  jet  still  left  attached  to  the  slug,  is 
shown  in  Fig.  13.  Interestingly,  this  photomicrograph  shows  a  fine  grained  structure  in 
the  tip  with  only  a  few  of  the  elongated  grains  characteristic  of  the  plastic  flow  region 
seen  elsewhere  to  the  rear  on  the  liner  axis.  However,  not  far  behind  the  residual  jet  tip, 
the  elongated  grain  structure  associated  with  plastic  flow  is  again  clearly  visible  and  can 
be  seen  in  the  photomicrograph  of  the  adjacent  region  behind  the  tip. 

The  same  observations  were  made  on  recovered  liners  4C,  5F.  6F  and  1C.  Fig.  14  shows  the 
interior  view  of  liner  4C  with  the  radial  and  circumferential  markings.  In  addition,  the 
tip  of  the  residual  jet  shows  the  orthogonal  shear  traces,  previously  observed  on  many  of 
the  captured  jet  particles  (Ref.8).  The  general  observational  result  was  essentially  the 
same  on  the  remaining  liners.  There  was  however,  a  trend  for  the  length  of  the  region  of 
the  larger  grains  to  become  smaller  as  the  charge  weight  increased.  In  addition,  as  the 
charge  weight  increased,  the  slip  markings  and  twinning  in  the  larger  rear  grains  became 
more  severe.  This  indicates  the  increasingly  severe  effects  of  the  shock  wave  passage. 
Fig.  15  shows  a  200x  photomicrograph  of  the  rear  of  the  apex  of  liner  5F  graphically 
illustrating  the  intragranular  slip  bands  and  the  twinning  at  the  outer  rear  apex,  in  the 
region  of  large  grains.  Finally,  as  the  slug  became  longer,  the  region  of  convergent  plastic 
flow  became  longer.  However,  in  all  cases,  the  front  interior  of  the  recovered  liner,  from 
which  the  jet  emanated,  clearly  showed  a  very  fine  grain  structure  with  very  little  of  the 
interior  flow  process  showing  at  the  very  tip  where  the  rear  of  the  jet  separated  from  the 
slug.  However,  the  orthogonal  shear  traces  shown  in  Fig.  14  were  almost  always  present. 


INITIAL  OUTPUT  OF  THE  COMPUTATIONAL  STUDY 

The  initial  computational  analysis  of  the  partial  collapse  experiments  which  was  carried 
out  at  the  Los  Alamos  National  Laboratory,  using  the  MESA  2D  Code,  shows  a  good 
agreement  of  the  predicted  final  partially  collapsed  liner  configurations  with  the  actual 
shapes  of  the  recovered  liners.  Figs. 16  to  18  inclusive,  show  the  computed  partially 
collapsed  configurations  predicted  for  the  first  four  charges  and  can  be  compared  with  the 
actual  cross  sections  of  the  recovered  liners.  The  27.5  gram  charge  has  not  yet  been 
computed. 

One  of  the  surprises  coming  from  the  computations  was  the  prediction  of  the  actual  jet 
formation  process  in  all  of  the  partial  collapse  experiments  except  the  one  with  the 
smallest  charge  (3.3  grams).  The  recovered  liners  were  weighed  before  firing,  but. 
through  an  oversight,  were  unfortunately  not  reweighed  after  cleaning  and  before  being 
sectioned  for  microscopic  optical  examination.  Consequently,  the  amount  of  weight  loss 
attributable  to  jetting  could  not  be  determined  on  these  experimental  runs,  for  comparison 
with  the  computational  prediction.  Needless  to  say,  this  omission  will  be  corrected  on 
future  experiments. 
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The  delay  sellings  required  lo  calch  Ihe  slow  moving  final  collapsed  liners  were  so  long 
(in  the  millisecond  range)  that  the  much  higher  velocity  jet  particles  were  no  longer  in  the 
same  field  of  view  of  the  radiographs  as  the  collapsed  liners.  Thus  Fig.  18  shows  that  the 
jetting,  which  is  clearly  visible  in  the  computational  output  at  40.  80  and  120 
microseconds  is  no  longer  seen  near  the  collapsed  liner  at  160  microseconds  and  would  be 
long  gone  from  the  field  of  view  after  a  millisecond. 

The  analysis  of  the  computations  will  continue  in  the  future,  with  a  more  detailed  study  of 
the  stress-lime  and  pressure  time  histories  to  which  various  portions  of  the  partially 
collapsed  liners  have  been  subjected.  This  will  provide  further  quantitative  insights 
regarding  the  observed  response  of  the  various  portions  of  the  collapsing  liners. 


SUMMARY  AND  CONCLUSIONS 

This  work  reported  in  this  paper,  represents  a  start  at  the  problem  of  understanding,  in 
phenomenological  terms,  the  superplastic  behavior  of  copper  in  a  shaped  charge  jet. 

An  important  preliminary  conclusion  is  that  very  early  in  the  collapse  process,  portions 
of  the  grain  structure  of  the  liner  are  being  refined  by  the  plastic  flow  processes,  that 
start  to  move  the  liner  material  into  the  jet  and  the  slug.  These  highly  localized  flows  and 
the  grain  structure  modifications  that  they  cause,  can  be  identified  on  both  longitudinal 

and  transversely  sectioned  samples  of  the  partially  collapsed  liners,  by  a  distinct  change 

in  reflectivity.  In  these  regions,  initially  equiaxed  grains  in  the  inner  apex  region  have 
been  forced  to  undergo  elongation  and  .suKstantial  diameter  reductions,  as  a  result  of  the 
material  flow  and  the  associated  plastic  deformation.  The  drastically  reduced  grain 
diameters  essentially  provide  an  early  preconditioning  which  leads  to  the  attainment  of 

the  fine  grain  structure,  leading  to  increased  dynamic  ductility  and  ultimately  leading  to 

superplastic  deformation  of  the  stretching  jet.  The  mechanism  involved  is  primarily  the 
plastic  flow  process  which  is  effectively  extruding  the  liner  material  into  the  jet. 

A  second  observation  is  that  the  passage  of  the  shock  wave  itself,  through  the  liner 
material  (e.g.  at  the  apex)  causes  other  types  of  modifications  that  depend  on  the  shock 

amplitude.  The  behavior  of  the  rearmost  apex  grains  provide  a  convenient  location  for 

observing  these  effects.  At  the  lowest  .shock  amplitudes  studied,  the  large,  roughly 

equiaxed  grains  at  the  outer  apex  of  the  liners,  (seen  in  Fig.4a  in  the  virgin  unfired 
liners)  show  little  or  not  change  in  external  appearance,  whereas  the  grains  at  the  inner 
apex  of  the  same  liner  (e.g.  IF  in  Fig.  10  and  2F  in  Fig.  9)  show  very  noticeable  changes 
including  grain  deformation  and  grain  refinement.  The  grains  at  the  inner  apex  are  of 

course,  the  ones  which  have  undergone  some  pla.stic  deformation  as  they  start  to  converge 
and  flow  into  the  jet,  to  form  the  jet  tip.  The  passage  of  the  shock  wave  would  still  be 
expected  to  introduce  various  lattice  defects  into  the  material  traversed,  but  these 
changes  would  not  be  readily  visible  in  optical  photomicrographs,  when  the  shock 
amplitudes  are  low. 

As  'he  shock  amplitude  increases,  one  can  begin  to  see  in  the  nominally  undeformed 
grains  at  the  outer  apex,  the  appearance  of  twinning  and  increasingly  severe  intragranular 
slip  lines,  as  well  as  other  evidence  of  the  effect  of  the  transient  shock  wave,  although  the 
grains  at  the  rear  do  not  appear  to  have  undergone  severe  geometric  deformation  or  plastic 
flow.  This  is  indicative  of  the  preliminary  conditioning  of  the  liner  material,  along  the 
lateral  surfaces  of  the  liner,  before  it  reaches  the  collision  zone.  Other  evidence  involving 
examination  of  the  deflected  liners  prior  to  their  entry  into  the  collision  zone  indicates 
that  grain  refinement  also  occurs  during  the  convergence  process.  For  the  larger  charges. 
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one  can  find  very  large  internal  areas  displaying  the  reflectivity  change  and  the  grain 

refinement  (Fig. 11).  Converging  flow  lines  become  more  extensive  in  the  longitudinal 
sections  in  the  center  of  the  plastically  deformed  regions  and  the  severity  of  the  shock 
processing  on  the  rearmost  grains  becomes  quite  dramatic  (see  Fig. 15). 

There  is  also  additional  study  and  analysis  required  to  provide  an  interpretation  of  the 
significance  of  the  radial  and  circumferential  structures  (e.g.  as  seen  in  Fig. 14)  which  are 
generated  early  in  the  collapse  process,  and  an  evaluation  of  how  they  may  affect  the 
particulation  process. 

Further  computational  analysis  of  the  flow  process  in  the  partially  collapsed  copper 
liners  has  been  carried  out  by  employing  the  LaGrangean  tracer  particle  technique  (Ref. 
13)  to  track  the  strain  and  the  strain  rates  in  those  specific  regions  of  the  liner  apex 
which  undergo  severe  flow  and  deformation  during  the  early  stages  of  the  collapse  process. 
These  preliminary  results  indicate  very  large  axial  gradients  in  the  strain  and  the  strain 

rates,  as  one  moves  from  the  inner  apex  into  the  liner,  toward  the  outer  apex,  for  those 

interior  regions  along  the  axial  direction  where  the  liner  material  is  separating  into  the 
jet  and  the  slug.  These  are  also  the  locations  at  which  the  metallurgical  observations 
indicated  severe  flow  and  grain  deformation.  The  local  strain  rates  were  found  to  attain 

surprisingly  high  levels,  e.g.  as  large  as  4.7  x  10  /sec,  even  in  those  liners  which  were 
only  slightly  partially  collapsed  with  a  small  7.5  gram  charge  of  explosive.  This  analysis 
is  now  being  reviewed.  The  data  will  be  displayed  at  the  poster  session  and  will  be  the 
subject  of  a  separate  future  paper. 
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long-rod,  85, 107, 619 

low  L/p,  407 

magnesium,  95, 121 

microparticle,  61, 315, 347, 587, 683, 719, 

775, 819 

microparticles,  49, 63 1 , 729 
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sieel-E5 1200, 427 

thin  flyer,  451 

titanium,  121 

tungsten,  1, 37, 85, 303, 407, 491, 551, 597, 
843 

projectile  rotation,  561 
projectile  tumbling,  561 
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279, 335, 385, 395, 451, 509, 519, 587, 
637, 647, 719, 729, 763, 775, 797, 819, 
831,851 

aluminum  foils,  683 
aluminum  oxide,  85, 491 
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